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ABSTRACT 
 
Cathodic delamination failure is believed to be caused by the production of OH- at the 
polymer/metal interface via oxygen reduction reactions. In cable connector assemblies, 
the use of manufacturing processes and materials that are resistant to cathodic 
delamination failures is highly desirable. Also, there is a need for an accelerated testing 
regime for assessing the resistance of polymer-to-metal composites to cathodic 
delamination failures.  
 
Cable connector assemblies are employed in marine environments for structural 
terminations and circuit interconnection of electrical power and signal cabling systems. 
They are found on offshore sea beds, ROV’s, vessels and submarines and are prone to 
cathodic delamination related failures particularly when the cable assemblies are 
coupled to dissimilar metal appurtenances in seawater, e.g., zinc anodes.  
 
The resistance to cathodic delamination failures of selected metal substrates and 
polymeric materials used in the manufacture and sealing of cable connector assemblies 
have been investigated. Materials and methods of surface preparation by grit blasting to 
enhance polymer-to-metal adhesion, thus increasing the service life-time expectation of 
cable connector assemblies have been elucidated. Methods of accelerated testing of 
polymer/metal bond durability using salt spray test and the validation of the results in 
seawater immersion tests and potentiostatic experiments have been described.  Also, a 
novel accelerated test chamber for cathodic delamination tests was designed and 
manufactured. 
 
 iii 
 
Applied potential was observed to be the factor that had the must negative effect on test 
samples while silicon carbide grit was found to produce the most effective surface 
cleanliness and roughness combination required for durable polymer-to-metal bonds.    
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Chapter 1 
Introduction 
 
1.1 Introduction 
For many years, engineers and scientists have sought to understand the principles 
underlying the failure of polymer-to-metal bonding used in underwater and other 
applications [1-3]. Polymer-to-metal systems are of increasing importance in modern 
technologies especially in the manufacture of cable connector assemblies for use in 
marine environments [1]. 
 
Metal cable connector assemblies find wide application in harsh marine/offshore 
environments (Figure 1.1). They are used in power transmission, fibre optic and 
telecommunications cables, and are also found on remotely operated vehicles (ROVs), 
underwater surveillance and submarine sonar systems [4]. 
 
 
 
Figure 1.1. A typical moulded cable connector assembly. 
 
A typical cable connector assembly (Figure 1.1) is made up of a cable which is 
electrically wired at one or both ends to a metal connector head/female which itself is 
comprised of a stainless steel or monel body (back-shell) with or without a sliding 
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bronze locking-ring (Figure 1.2). Connector heads could be made from other metal 
alloys, e.g., titanium. Once the cable is electrically wired to the connector head and/or 
female connector, the interface is insulated from water using a polymeric encapsulating 
material, such as neoprene. Other insulating polymeric encapsulating materials include 
polyurethane (PU), polyethylene and polychloroprene [5]. These materials seal the 
interfaces between the cable and the connector-head, via the back-shell, and form a 
polymer-to-polymer and a polymer-to-metal bond between the cable and the back-shell, 
respectively (Figure 1.2). The interface is sealed into a moulded finished product which 
provides adequate protection from the environment (Figure 1.3(a) and (b)). Figures 
1.3(c) and (d) show the onset of cathodic delamination at the sealed polymer-to-metal 
interface.   
 
 
Figure 1.2. Schematic of a cable connector assembly, showing polymer-to-metal bond 
interface region known to be susceptible to cathodic delamination failures.  
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                          (a)                                                             (b)    
       
                           (c)                                                             (d) 
 
Figure 1.3. Photographs of a moulded cable connector assembly showing: (a) and (b) 
regions of sealed polymer-to-metal interface, (c) and (d) onset of delamination at the 
interface (white arrows). 
 
In the manufacture and sealing of marine cable connector assemblies, the surface of the 
metal connector back-shell is prepared, primed with a coating and then over-moulded 
with castable polymer [4]. The delamination of the polymeric over-mould (primer 
coating and/or polymer) from the metal connector back-shell is one of the common 
failure mechanism encountered in marine cable connector assemblies (Figure 1.4) [1]. 
Cathodic delamination failures usually originate in the vicinity of a coating defect 
which is cathodically polarised whilst immersed in an electrolyte [1-10]. 
 
These types of failure are attributed to a phenomenon called cathodic delamination that 
is prevalent in cable connectors assemblies used in marine environments where 
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corrosion protection of metal by protective coatings and either sacrificial or impressed 
current cathodic protection method is employed [4]. 
                        
 
    
 
 
(a)                                                            (b)  
Figure 1.4. Photographs of metal cable connector assemblies (a) showing regions of 
adhesion failure and the metal/primer/PU interface suspected to be due to cathodic 
delamination (black arrows); (b) mechanical examination of failed cable samples for 
bond failure. 
    
Cathodic delamination of the polymeric over-mould from the metal connector back-
shells is the most frequently encountered failure in cable connector assemblies used in 
saline environments [1]. In locations where sacrificial anodes are employed to protect 
metal structures, cathodic delamination resulting from a localised cathodic reaction is                
thought to be the reason for the failure of polymer-to-metal bonds [1]. Failures could 
occur where cable connectors are coupled to dissimilar metals, other than sacrificial 
anodes thus promoting a cathodic reaction (due to galvanic effect) on the metal back-
shells [5]. Failures are also common in oil pipeline installations [10,11].   
 
Little work has been published in the area of estimating/predicting the long-term 
corrosion behaviour of metal-to-polymer bonds using accelerated short-term laboratory 
test methods [12-14]. The most widely used standardised laboratory accelerated 
corrosion test procedure is the ASTM B 117 standard practice for salt spray testing [15]. 
However data from salt spray testing seldom correlate with the actual long term 
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corrosion behaviour or the actual service life performance of the materials and products 
tested [15].  
 
One common method employed in the study of cathodic delamination is the 
characterisation of the delamination of a lacquer (polymer coat) near an artificial defect 
by a timed exposure to an aggressive environment in a climatic chamber [3].  
 
It is generally accepted that the phenomenon of cathodic delamination is caused by 
electrochemical reactions taking place at the metal substrate/polymer interface [1-13] 
and is influenced by a number of factors that include nature of metal substrate, 
composition of electrolyte, applied potential, coating characteristics and oxygen levels 
[3-6]. The many parameters involved in the cathodic delamination process has made 
interpretation and full understanding of the reaction mechanism difficult [1-2].  
 
Alkali conditions generated due to electrochemical reactions taking place on 
cathodically polarised metal surfaces are thought to be responsible for the loss of metal-
to-polymer adhesion. Leng et al. characterised the mechanism of delamination of model 
coatings from steel starting from a well defined coating defect in the metal/polymer 
composite [4-9]. The delamination process is now believed to be associated with a drop 
in electrode potential from very positive (anodic) values at an intact metal/polymer 
interface to negative values, which are typical of uncoated steel surfaces [6]. Generally, 
experiments aimed at understanding the cathodic delamination process have utilised 
intact single interfaces typically consisting of a metal substrate and a polymer. 
Consideration has seldom been given to systems in which metal is overlaid with two 
lacquers creating two interfaces of metal/polymer and polymer/polymer. These systems 
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find wide application in industries where corrosion protection as well as cosmetic 
appearance of products and structures is of paramount importance [1,4,5]. 
 
In the manufacture of cable connector assemblies, a number of metal substrates are 
employed depending on the design specification and application requirement [3]. The 
first step in moulding and sealing a cable to a metal connector head is to electrically 
wire the cable to the metal connector head and then carry out surface preparation [16]. 
This is followed by priming or coating the interface with an appropriate primer and then 
over-moulding with castable PU plastic. This process creates two interfaces made up of 
metal/primer and primer/PU [16].  
 
The failure or separation of the PU over-mould from the metal connector back-shells is 
usually characterised by three distinct failure modes: (i) failure at the metal/primer 
interface, (ii) failure at the primer/PU interface and (iii) failure in which the interface is 
characterised by the former and latter, also referred to as mixed mode failure [3].  
 
Cathodic delamination-related corrosion failures account for a significant portion of the 
annual corrosion cost in the oil and gas sector and the cost to the Navy in Europe and 
America runs into tens to hundreds of millions of dollars per year [12]. The resulting 
failures could be detrimental to life and the environment if allowed to initiate other 
corrosion mechanisms like pitting and stress corrosion cracking which could cause 
sudden and catastrophic failures resulting in oil spills from pipelines [17]. Damage to 
underlying electrical circuitry could also result if the delaminated polymer is an 
encapsulant protecting electrical circuits and devices, as is the case in many submarines 
and remotely operated underwater vehicles (ROVs). This could cause leak paths for 
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water ingress into the connector and result in the loss of electrical resistance or overt 
short circuiting [5]. 
 
1.2 Polymers 
Polymers are high molecular weight compounds made up of hundreds or thousands of 
molecules in the form of repeating structural units (monomers) linked together by 
covalent bonds to form long chains of networked structures [18-20]. They could be 
natural occurring, e.g., starch and cellulose, or synthetic, e.g., polyethene and 
polypropylene [19,20].  
 
A number of polymers are hydrocarbons, comprising of a successive repeat of structural 
carbon and hydrogen monomer units (mers) with a string of carbon atoms as the 
backbone, e.g., polyethene is a polymer molecule composed of the ethene (C2H4) 
repeating structural unit (Figure 1.5). 
                     
C C
HH
H H
            
C C
H H
HH
n
 
 
                             (a)                                         (b)  
Figure 1.5. Structures of (a) ethylene monomer and (b) polyethylene polymer. 
 
Individual monomer units are joined together to form long chains of a polymer structure 
by a chemical reaction called polymerisation [19,20]. There are two main types of 
polymerisation reaction: addition and condensation. In the former, a double bond, e.g., 
the C=C bond in ethene, reacts with neighbouring monomers to form a long polymer 
chain (Figure 1.5) [21]. Condensation polymerisation occurs when monomers combine 
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to form a polymer with the elimination of small molecule(s), such as water. Varying the 
monomer structure can greatly affect the physical and chemical properties of the 
polymer.  
 
Polymer structures comprised of a single monomer type are called homopolymers, 
whilst those comprising two or three different monomer molecules are referred to as 
copolymers and terpolymers, respectively [20]. The number of repeating monomer units 
that constitute the polymer (molecular weight) can also greatly affect the physical and 
chemical properties [20].  
 
Since their emergence in the mid 1920s, polymers have recorded significant successes 
in their applications as engineering materials in the areas of plastic, rubbers, coatings 
and adhesive [19]. Increased usage of polymer materials in two-dimensional 
applications, e.g., surface coatings, and three-dimensional forms, as found in plastics,                           
construction and other engineering applications, has influenced the progressive 
replacement of natural polymer materials with synthetic ones [18-20]. 
  
Polymeric materials can be divided into two groups: plastics and elastomers, e.g., 
rubber. Plastics can be further subdivided into thermoplastics and thermosetting plastics 
(Table 1.1). 
 
The classification of polymeric materials is more often met with considerable overlap 
and difficulty and could be confined to plastic materials of common usage rather than 
descriptive chemical and physical properties [18,20]. Most thermoplastics are 
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synthesised by addition polymerisation while thermosetting plastic are generally 
produced by condensation polymerisation. 
 
Table 1.1. Types of polymer materials [19]. 
 
Polymer materials 
Plastic Elastomers 
Thermoplastics  Thermosetting plastics  
Polyethylene  Epoxy  Natural rubber  
Polypropylene  Melamine-formaldehyde  Styrene-butadiene rubber  
Polystyrene  Urea-formaldehyde  Polybutadiene  
Poly(vinyl chloride) Unsaturated polyester  Butyl rubber  
Polyacetal Phenolics Polychloroprene  
Acrylic  Alkyd Synthetic polyisoprene  
Polyamide (nylon) PU  Nitrile  
Polycarbonate  Silicone rubber 
Polytetrafluoroethylene   
 
1.2.1 Polyurethane 
PU is a reaction product of a polyisocyanate and a polyol (an alcohol or any 
polyhydroxyl containing material) in the presence of a catalyst and/or heat (Equation 
1.1) [19,22,23].  
 
R′N=C=O + R″O-H → R′NHCOOR″                (1.1) 
 
PU offers the polymer chemist a wide range of properties due to their ability to be 
impregnated with different additives, such as extenders, cross linkers, surfactants, flame 
retardants, blowing agents and pigments, which control the reaction process and also 
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modify the performance characteristic of PU. They are polymers whose organic units 
are joined together by a urethane linkage [19,23]. 
 
1.2.2 Polyols 
Polyols are high molecular weight materials derived from several classes of hydroxyl-
containing materials. They contain multiple hydroxyl (OH) functional groups available 
for organic reactions and can be broadly classified into two groups, namely polyethers 
and polyester polyols [22]. They can further be classified as diols, triols or tetrols 
depending on whether the compound contains two, three or four hydroxyl functional 
groups, respectively. Polyether polyols are made by reacting ethylene or propylene 
oxides with water in the presence of an alkali catalyst whilst polyester polyols are made 
by step-growth polymerisation of diols and dicarboxylic acids [22]. 
 
1.2.2.1 Synthesis of polyol 
Polyols are made by adding epoxides to initiators or compounds containing an active 
hydrogen, e.g., alcohols or amines. Polyether polyols are commercially produced by the 
addition polymerisation of propylene oxide (C3H6O), which is a highly reactive 
compound owing to its oxirane ring (Figure 1.6) [24]. 
 
                                    
CH3CH CH2
O
 
Figure 1.6. Strained three-membered oxirane ring of propylene oxide.  
 
Polyols prepared by reacting propylene oxide with alcohols yield polyether polyols with 
single hydroxyl terminal groups whilst those prepared by reacting propylene oxide with 
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propylene glycol and glycerol yield polyethers with two (diols) and three (triols) 
hydroxyl terminal groups, respectively. The synthesis of polyether polyol from the 
reaction of propylene oxide and propylene glycol is shown in Figure 1.7. 
CH3CH CH2
O
HOCH2CHCH3
OH
CH3CHO(CH2CHO)
CH3
CH2O(CH2CHO)
CH3
CH2CHCH3
OH
CH2CHCH3
OH
    
(x+y) +
x-1
y-1
KOH, H2O
 
Figure 1.7. Base catalysis polymerisation reaction of propylene oxide with propylene 
glycol to produce polyether polyol [23]. 
 
Higher functionalities are achieved with initiators, such as sorbitol or sucrose [24]. 
Polypropylene oxide can also be copolymerised with other epoxides to produce 
copolymer polyols, e.g., copolymerisation with anhydrides will produce polyesters 
while polycarbonates are produced when copolymerised with carbon dioxide [24].     
Examples of polyether diols include polyethylene glycol, polypropylene glycol and 
poly(tetramethylene ether) glycol whilst common specialist polyols include hydroxyl-
terminated polybutadienes [23]. 
 
1.2.3 Isocyanates 
Isocyanates were first produced by Wurtz in 1849 by reacting organic sulphates with 
cyanic acid salts (Equation 1.2 [23]; Figure 1.8). 
 
R2SO4 + 2KCNO → 2RNCO + K2SO4                 (1.2) 
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R' N C O
 
Figure 1.8. Structure of an isocyanate functional group.  
 
More recent methods of manufacture involve the phosgenation of amines, which were 
first described by Hentschel in 1884 [23]. Though phosgene (COCl2) continues to face 
the risk of outright ban due to increased restrictions and legislation on the use of toxic 
materials, the chemical has remained a highly valued industrial reagent and a chemical 
building block useful in the organic synthesis of different chemical substances [25]. The 
war related history of phosgenation has also attracted a lot of attention to the technology 
even as it remains one of the most commercially viable methods for the production of 
fine chemicals [25]. 
 
No significant change has occurred in the basic manufacturing process of phosgene 
since the 1920s [25]: purified carbon monoxide and chlorine gas are passed over carbon 
(Equation 1.3) [25,26]. 
 
CO(g) + Cl2(g) → COCl2(g)                   (1.3) 
 
Phosgene is currently used to produce isocyanates from amines and this account for 
about 80 − 90 % of its usage in the USA [25]. It can also be used to produce 
chloroformate esters and organic carbonates from alcohols [25]. Although there are 
various routes for the synthesis of isocyanates, none of these are as viable as the 
carbonylation of primary amines with phosgene hence its continuous use in the 
industrial manufacture of isocyanates [27]. The basic reaction is shown in Equation 1.4. 
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RNH2 + COCl2 → RN=C=O + 2HCl       (1.4) 
 
Aromatic diamine toluenediamine (TDA) is used to manufacture toluene diisocyanate 
(TDI) whilst diamino diphenylmethane or methylenedianiline (MDA) is used for the 
production of diphenylmethane diisocyanate (MDI; Figure 1.9) [24]. TDI and MDI are 
among the most commercially used isocyanates in the manufacture of PU; others 
include naphthylene diisocyanate and hexamethylene diisocyanate [22,23]. 
 
N C OC NO
H
H
C
 
Figure 1.9. Structure of 4,4-methylene diphenyl diisocyanate. 
 
The reactivity of isocyanates is exploited by promoting side reactions within the 
polymer chain or at chain ends through the use of additives, e.g., cross-linking agents. 
 
1.2.4 Coatings and primers  
A coating or paint is a suspension of solid pigment particles in a liquid phase (the 
vehicle) that, when applied to a surface, dries to form a continuous solid polymer film 
of dispersed pigment in a matrix (binder) [19]. Primers are coatings used on metal 
surfaces prior to the application of a full bodied coating or other processing steps. They 
are applied on freshly prepared metal surfaces to offer cathodic protection (e.g., zinc 
filled primers) or to serve as a tie-coat to subsequent coatings. Coatings and primers are 
applied on surfaces to provide corrosion protection and/or decorative purposes [19,20]. 
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Most polymer types find application in the coating industry whose raw materials 
initially consist of natural oils, resins and pigments. The availability of synthetic 
polymers and pigments and a wide variety of modifying additives has transformed the 
coating industry leading to two categories of coatings, namely organic and inorganic 
coatings [19,20].  
 
Coating formulations are principally made up of a film-forming material called a resin 
that can be either organic or inorganic. Resinous materials can be unpigmented or 
pigmented (binder) depending on the service application required [18,20,27]. The 
solvent also determine the viscosity and other flow characteristics of the coating and 
once applied, evaporate leaving behind a hard impervious or a soft porous polymer film 
[18,20,27]. The choice of binders for coating manufacture is governed by the drying 
mechanism and the service properties require of the coating being formulated; this in 
turn determines the choice of a suitable binding medium or solvent [18]. 
 
A good paint formulation should provide the corrosion protection desired and also meet 
other service life requirements e.g., high temperature cycles, humidity and scratch 
resistance. However, is not often the case, hence coating systems comprising primers, 
intermediate and finish coats each possessing and imparting different characteristics are 
employed to meet the service life and design requirements deficient in single coating 
formulations [18,20]. 
 
Primers are the first coats of a coating system usually formulated to provide good 
corrosion protection and adhesion properties to the substrate and to the intermediate or 
any subsequent coats. Some primers are used to provide temporary corrosion protection 
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to metal surfaces between manufacture and use and can be removed easily where 
necessary. The intermediate coat (if required) and finish coat are formulated to make up 
for the deficiencies of the primer that may include colour, gloss or the ability of provide 
good adhesion to the finish coat [18]. 
 
Good metal surface cleanliness and roughness profile is a pre-requisite to good 
coating/primer adhesion and durability, as is the type of coating system and the skill of 
selecting a suitable one. These individual factors can among others unfavourably affect 
the corrosion performance of a seemingly good coating formulation.  
 
1.3 Mechanisms of adhesion 
Bonding of a polymer to a metal substrate is influenced a number of interacting 
mechanical, physical and chemical forces. The durability of a coating is largely 
dependent on how well and long it can adhere to the surface on which it is applied in a 
given service environment [18,20,28]. Adhesion is the strength or force of attraction 
between an adhesive (coating) and a substrate (metal surface) that holds them together 
to resist separation. This intermolecular force of attraction exists particularly between 
liquids and solids that form very near touching surfaces that are close enough to result 
in intimate intermolecular contact between the surface atoms and or molecules [28-30]. 
A universal acceptable theory of adhesion does not exist, but there are different theories 
that work for various applications and these include four basic adhesion theories, which 
are outlined below. 
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1.3.1 Mechanical interlocking theory 
The mechanical interlocking theory proposes that the intrinsic forces leading to good 
adhesion across the polymer-to-metal interface are generated by the mechanical keying 
or interlocking of the polymer lacquer into the surface irregularities of the metal or 
substrate. This may be achieved when the polymer/coating penetrates into the pores, 
holes, crevices and other metal surface topographic irregularities after which it 
hardens/cures or mechanically locks [31,32]. Ample evidence now exist that show 
adhesive strength and bond durability are proportional to the surface roughness of the 
substrate [33-39]. Increasing the surface roughness of the metal, increases the surface 
area over which polymer-to-metal bonds can form [33,34,39]. The consequence of this 
is an increase in interfacial bonds per unit area and a subsequent increase in 
adhesive/bond strength [34-39]. The linear relationship between interfacial path length 
(defined as the ratio surface profilometer trace to apparent length) and the kinetics of 
failure during a cathodic delamination experiment have been investigated by Watts et 
al. is shown in Table 1.2 [40]. A range of surface pre-treatment have been used to 
achieve the various interfacial part length.  
 
Table 1.2. Variation of failure rate, corrected for interfacial path length, as a function of 
surface treatment [40]. 
Surface 
treatment 
Failure 
area / mm2 
Failure 
radius / mm 
Surface 
roughness / µm 
Tortuosity 
factor 
Rate /  
mm day-1 
Polish 1000 17 0.05 1.0 0.50 
Abrade 700 15 0.85 1.6 0.36 
Rolled 400 11 1.70 1.8 0.35 
Blast 150 7 3.80 4.7 0.38 
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The surface area over which bonds can form increases as surface roughness of the 
substrate increases (Table 1.2). Therefore, the number of sites available for bonding is 
increased and hence adhesion is increased. 
 
One of the setbacks of the mechanical interlocking theory is found in some works which 
have shown that good adhesion can also be obtained between two very smooth surfaces 
[41]. This then raises the question as to whether mechanical interlocking is the only 
mechanism responsible for adhesion at the polymer and substrate interface. There are 
very few examples in which mechanical interlocking is thought to be the only 
mechanism responsible for adhesion; the most convincing being the dove tail joints 
practiced by carpenters and the use of mercury amalgam for tooth filling [42]. In the 
later, the ink-bottle shape of the cavity is thought to be solely responsible for retaining 
the fill [43]. With improved materials now available, e.g., Vitrebond and Vitrebond 
Plus, the adhesion mechanism to tooth fills is now being attributed to micromechanical 
and chemical bonds [43]. Other researchers have found a disproportionate increase in 
bond strength with increased interfacial area and have attributed the increased bond 
strength to the nature and morphology of oxide layers formed on the metal surface [44].    
 
1.3.2 Adsorption theory   
This is one of the most relevant theories of adhesion. The theory claims that adhesion 
results from interatomic and or intermolecular forces of attraction when intimate contact 
between the coating and the substrate is achieved [28]. Some of the common forces and 
factors generated at the interface include van der Waals forces, acid base interactions 
and hydrogen bonds. Stronger chemical forces may also exist due to the formation of 
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covalent, ionic or metallic bonds across the coating and substrate interface. The various 
bond types are characterised by different bond strengths or energies. 
 
The various bond types that could be formed at the interface with their associated bond 
energies are listed in Table 1.3 [33]. Bond formation by physical or chemical forces 
depends on the chemical composition of the interfaces in contact, which itself is 
determined by the type of metal substrate material, surface conditioning and polymeric 
material used together with their individual wettabilities [31]. In general, the criteria for 
good adsorption is intimate intermolecular contact between the polymer and substrate 
[31,33]. For spontaneous wetting and spreading, the surface energy of the solid must be 
greater than that of the liquid while that of the liquid must be considerable high [31,33]. 
A list of polymers classified according to their ability to their ability to maintain contact 
(spread) with solid surfaces and cause intermolecular attraction (wettabilities) is shown 
in Table 1.4. 
 
Adhesion between metals and polymers with low wettability is usually poor and the 
lack of reactive groups or oxygen on the surface of the polymer could reduce adhesion 
in thick polymer films by hindering the acid-base interaction or chemical bonding [31]. 
Surface modification techniques e.g., etching, mechanical abrading treatments and 
oxygen-plasma treatment of the polymer surface are known to enhance adhesion [31]. 
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Table 1.3. Bond types and typical bond energies [33]. 
Bond type 
Bond energy  
/ kJ mol-1 
PRIMARY BONDS 
Ionic bonds 600 – 1100 
Covalent bonds 60 – 700 
Metallic bonds 110 – 350 
DONOR ACCEPTOR BONDS 
Bronsted acid-base interaction Up to 1000 
Lewis acid-base interaction Up to 80 
Hydrogen bonds involving fluorine Up to 40 
Hydrogen bonds excluding fluorine 10 – 25 
SECONDARY BONDS 
Van der Waals bonds  
Permanent dipole-dipole interaction 4 – 20 
Dipole-induced dipole interaction < 2 
Dispersion London forces 0.08 – 40 
 
Table 1.4. Classification of polymers according to their wettabilities [31]. 
Low wettability 
30 mJ m-2 > γc  > 10 mJ m-2 
Medium wettability 
40 mJ m-2 > γc  > 30 mJ m-2 
High wettability 
γc  > 40 mJ m-2 
Most fluoropolymers  Most vinyl polymers  Most condensation polymers  
Polysiloxanes Poly(vinyl acetate) Poly(carbonate) 
Polyolefins  Poly(styrene) Polyesters  
 Poly(vinyl chloride) Nylons 
 Poly(ethyl acrylate) Epoxy  
 Poly(methyl methacrylate)  
 
With the emergence new highly specialised surfaces analysis equipment like x-ray 
photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry 
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(ToF-SIMS), the chemical interaction between metal and polymer surfaces have now 
been confirmed and the formation of metal complexes of the form M-O-C and M-OH 
across the polymer-to-metal interface have been reported [31,45-49].  Due to their high 
surface energies, most metal surfaces under ambient conditions exist as hydrated oxides 
[45]. Studies on the adhesion of hydroxyl and carboxyl-modified polymers to metal 
surfaces have attributed adhesion to the probabilities of acid-base interactions across the 
interface [45]. In studies relating to silane adhesion promoters in coatings and on metal 
surfaces, ample evidence now exist to show that when used on mineral surfaces, the 
alkoxy group on the silane hydrolyses to form a silanetriol (RSi(OH)3). This bonds with 
hydroxyl mineral surface by either the formation of hydrogen bonds or acid base 
interaction, and condenses when dried to form a polysiloxane structure having oxane 
bonds (M-O-Si) between the silane and the mineral [31]. There is now firm evidence 
that silane coupling agent has a similar mechanism of metal-oxane bonding (M-O-Si) 
with metal hydroxide surfaces [46]. This confirmed the initial postulations of the 
presence of a probable similar interaction in metals due to their practical existence in 
nature as silicate minerals [45]. In an effort to determine the specific interaction of γ-
glycidoxypropyltrimethoxy silane (GPS) with oxidised aluminium surface, it has been 
established that at the aluminium oxide/silane surface, the silanol groups of the silane 
molecule (GPS) interact with the hydroxyl sites of the aluminium surface to form a 
covalent bond (Al-O-Si) [43]. Davis et al., using ToF-SIMS and XPS to investigate 
methoxysilane molecules on oxidised aluminium surface have provided strong evidence 
to support the existence of Fe-O-Si covalent bond as a discrete layer covered by an 
overlayer of other silane molecules [47]. The presence of the Fe-O-Si covalent bond 
have been reported, while functional hydrolysed alkoxysilanes are also expected to form 
covalent bonds with substrate hydroxyl (Lead oxides) through their silanol 
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functionalities [48,49]. Using ToF-SIMS analysis on the 0.5 (w/w %) γ-
Aminopropyltriethoxysilane (APS) in epoxy resin have shown the existence of Al-O-Si+ 
fragments at m/z = 71u which is evidence of the formation of a covalent bond between 
aluminium and silane [50]. The aforementioned, unequivocally confirms the existence 
of chemical bonds across the polymer-to-metal interface.   
 
1.3.3 Electrical theory 
The electrical theory of adhesion proposes that if two materials (adhesive and substrate) 
having different electronic band structures and are in close contact, there will be an 
electron transfer in an attempt to balance the Fermi levels [33]. This electron transfer 
will in turn result in the formation of an electric double layer (EDL) at the interface 
[33]. The theory was first proposed by Derjaguin who treated the interfacial region of 
the joints as a parallel plate capacitor and suggested that the electronic forces that arise 
from such interfacial contacts or the junction potentials may contribute significantly to 
intrinsic adhesion [33]. When an organic polymer is brought in contact with a metal 
surface, electrons are transferred from the metal to the polymer. These electrons create 
an attracting EDL which is thought to be responsible for the resistance to separation 
(adhesion) of the two surfaces. The main controversy of this theory is whether these 
electrostatic forces are the primary cause or merely the result of good adhesion [33]. 
 
Derjaguin’s theory presumes that adhesion is due to the presence of attractive forces 
across the electrical double layer and the energy needed to separate the interface (Ac) is 
given by Equation 1.5 [33] 
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where, Vc = discharge potential, hc = discharge gap between surfaces and Ed = dielectric 
constant. 
  
1.3.4 Diffusion theory 
This theory is only applicable in situations where both materials in contact are 
polymers. In this case, adhesion is said to be as a result of the interpenetration of 
molecular chains across the interface [28,29]. The major requirements for this theory are 
that the macromolecules or chain segment of both polymers (adhesive and substrate) 
possess sufficient chain mobility and are equally mutually soluble, i.e., they most posses 
similar values of the solubility parameter, δc (Equation 1.6) [33] 
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1
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

 −∆
=
V
RTH v
cδ         (1.6) 
 
where, ∆Hv = molar heat of vaporisation, R = Gas Constant, T = temperature (K) and V 
= molar volume. 
 
The solubility parameter δc is an index that provides the compatibility of the two 
polymers that are to be adhesively joined together. For example, if the two polymers 
have similar values of δc, then the diffusion will be enhanced or they will form a 
solution [33]. Another condition that favours the diffusion of both polymers is if they 
are both amorphous. Crystalline polymers tend to resist interaction due to their free 
energy of crystallisation which needs to be overcome [33]. The diffusion mechanism or 
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theory of adhesion is more significant than others when dealing with polymer/polymer 
interfaces. Other parameters affecting the diffusion theory are contact time, temperature, 
molecular weight of polymer and physical form (solid or liquid). Examples of 
interdiffusion can be found in autohesion of elastomers, solvent welding of compatible, 
amorphous polymers.  
 
1.4 Polymer degradation  
The susceptibility of polymers to degradation is of increasing importance in both 
engineering and medical applications [51-57]. The systematic study of polymer 
degradation mechanisms commenced in the 1930s with the discovery of synthetic 
polymer materials and has continued to date owing to the increasing desire to use 
polymers for an ever widening range of applications, most of which are under severe 
and hash environmental conditions [51]. 
 
Although significant progress has been made over the years in understanding the 
degradation of polymeric materials, there is considerable disagreement regarding 
degradation/failure mechanism(s) and reaction pathways. Most polymers are mixed 
with different additives, such as fillers, fire-retardants, stabilisers, plasticisers etc., 
before they are used. These additives impart different mechanical, physical and 
chemical properties to polymers, hence affecting their resistance to certain degradation 
mechanisms. PUs with ester, amide, carbonate, oxygen and/or nitrogen groups in their 
main chain are particularly susceptible to hydrolysis, which result in scission of 
molecular groups [21,52-55]. PU hydrolysis is the scission of susceptible molecular 
groups present in the polymer structure. 
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Degradation resistance of polymers can be viewed in terms of their resistance to bond 
scission initiated by heat, thermal radiation or other electrochemical processes, 
resistance to dissolution or breakdown in media (gas or liquid) and resistance to other 
aggressive environments or conditions. The causes of polymer-to-metal adhesion 
failures are difficult to establish in practice due to complex interrelated and 
simultaneous factors that may include poor surface preparation and coating application 
procedures, wrong choice of materials or coating systems and severe weather 
conditions. These factors can result in adhesion failures and subsequent devastating 
corrosion failures via various mechanisms. 
 
The analysis of polymer degradation has evolved from the simple measurement of 
weight losses and the rate of production of volatile materials. Degradation reactions are 
now in addition to these being established by more detailed analytical studies using 
specialised techniques such as Fourier transform-infrared spectroscopy (FTIR), atomic 
force microscopy (AFM), XPS, nuclear magnetic resonance (NMR) and electron 
microscopy (SEM). The application of these techniques have revolutionised the 
chemical analysis of polymers and helped in unravelling and understanding the 
structure, stability and degradation mechanisms of various polymer materials.                    
 
1.5 Surface pre-treatment  
Surface pre-treatment is the conditioning of the surface characteristics of a substrate 
prior to subsequent treatment or the application of coatings. The aim of surface pre-
treatments is twofold: to clean or remove any contaminants or extraneous material from 
the surface of the substrate and to provide a suitable surface profile for the adhesion of 
the coating to the substrate [30,58,59]. 
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Surface contaminants could be organic, e.g., oil, grease, dirt, paints etc, or inorganic 
e.g., rust, oxide films or corrosion products [59]. The ultimate objective of surface pre-
treatment is to enhance the adhesion of coatings to an underlying substrate. Surface 
cleanliness and roughness is essential for good adhesion which is the key to coating 
effectiveness [58,59]. 
 
1.5.1 Types of surface pre-treatments 
There are various types of surface pre-treatment methods, such as solvent cleaning, 
hand or power-tool cleaning, chemical stripping, low or high pressure water jetting and 
wet or dry abrasive blast cleaning. Most surface pre-treatment methods employ one or a 
combination of the following mechanisms: mechanical action, solvency, detergency and 
chemical reactions [59].  
 
1.6 Corrosion  
Corrosion can be defined as the deterioration of a material due to its interaction with its 
immediate environment [21,60]. This interaction, sometimes in the form of a chemical 
reaction is accompanied by material degradation resulting, in severe consequences, to 
loss of life. There are different types of corrosion among which include pitting, crevice, 
general corrosion, galvanic, erosion and intergranular corrosion. The cost of corrosion 
failures including downtime recorded for repair and maintenance has been estimated to 
be ca. 3.5 − 4 % of the Gross National Product (GNP) in the UK and USA, running into 
billions of dollars per year [18]. There are different deterioration mechanisms depending 
on the type of material and the precise environmental conditions encountered. Whilst 
degradation in non-metallic materials (ceramics and polymers) might involve chemical 
dissolution and physiochemical processes, corrosion in metals is characterised by an 
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electrochemical process that involves material loss either through dissolution or the 
formation of a non-metallic oxide film [21,57]. This electrochemical corrosion process 
can be sub-divided into two basic half-cell reaction mechanisms known as the anodic 
and cathodic half-cell reactions [18,21,57]. The former is an oxidation reaction that is 
characterised by electron loss [18,21]. Equations 1.7 to 1.9 are examples of some anodic 
metal reactions.  It should be noted that although the reactions are those of oxidation, 
IUPAC presents all electrochemical reactions as reduction reactions.   
                         
Zn(s) → Zn2+(aq) + 2e-        (1.7) 
                                                                               
Fe(s) → Fe3+(aq) + 3e-        (1.8)                         
                                           
Cu(s) → Cu2+(aq) + 2e-        (1.9) 
 
The half-cell cathodic reaction is a reduction process that is characterised by electron 
consumption [18,21]. In reduction reactions, chemical species present in the electrolyte 
combine with available electrons produced from the anodic reaction to form different 
species. Equations 1.10 – 1.12 are examples cathodic reactions. 
 
O2(g) + 2H2O(l) + 4e- → 4OH-(aq)       (1.10) 
 
2H2O(l) + 2e- → H2(g) + 2OH-(aq)       (1.11) 
 
2H+(aq) + 2e- → H2(g)        (1.12) 
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The interaction of a material with its immediate environment in the form of a corrosion 
reaction can only be possible if there exists an anode to produce electrons, a cathode to 
consume the electrons and an electrolyte/conductor to carry the ions/electrons from the 
anode to the cathode. A schematic of the general corrosion processes showing metal 
dissolution at the anode and the movement of electrons from the anode to the cathode, 
where they combine with other chemical species to form corrosion products, is shown 
in Figure 1.10. 
 
1.6.1 Corrosion by cathodic delamination  
Cathodic delamination is the failure in metal-to-polymer bonds due to localised cathodic 
reactions that occur on cathodically polarised metal surfaces while immersed in an 
electrolyte [1-13]. These failures were identified as early as 1929 by Evans [60], who 
studied the electrochemical corrosion of painted steel and has remained not only a 
legitimate topic of academic research, but also of great commercial concern.  The 
phenomenon is characterised by the loss of adhesion between the polymer and the metal 
substrate usually attributed to a high pH condition at the polymer/metal oxide interface 
[1-13,61-65]. 
 
 
 
 
 
 
 
Figure 1.10. Schematic showing the movement of species during the corrosion of a 
metal surface.   
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Cathodic polarisation of metal surfaces may occur due to an externally applied potential 
as is the case in cathodically protected metal structures or due to the development of 
localised anodic and cathodic sites on coated metal surfaces. The latter is the case in 
most salt spray testing employed in the painting industry, where coated panels are 
scribed to produce local anodes and then exposed to a fog of electrolyte at set 
temperature and humidity [13,15]. In this case, the anode, which is the most pitted and 
rusty region of the metal, is not physically separated from the cathode, which is usually 
a concealed region underneath the coating and anterior to the anode area, e.g., the 
‘‘stone chip’’ effect experience in painted cars.  If the anode can be physically separated 
from the cathode, as in the case of cathodic protection by sacrificial anodes, current and 
voltage measurements can be used to monitor delamination.  
 
Cathodic delamination results in the removal of the polymeric material from the metal 
surfaces leaving the metal component exposed to the environment where corrosion 
processes will rapidly occur. 
 
Since electrochemical reactions are accompanied by changes in corrosion potentials, a 
number of published works [4,8,58,59] have identified and monitored cathodic 
delamination by measuring the changes in corrosion potential as a function of time and 
local position using the scanning kelvin probe (SKP) [3,4]. This technique has been 
established as the non-destructive method for measuring electrode potentials of buried 
metal/metal-oxide/polymer interfaces and the mobility of ions across the interface [64]. 
Other techniques include one or a combination of the following: SEM, Auger electron 
spectroscopy (AES), XPS and mechanical de-adhesion testing.  
 
Chapter 1: Introduction 
                                                            29 
 
1.6.2 Mechanisms of cathodic delamination  
It is widely accepted that cathodic delamination of an organic layer from a metal 
substrate is caused by the cathodic oxygen reduction reaction (Equation 1.10) [1-14]. 
Leidheiser et al. [2,7,8,66] and Mayne [67,68] showed that water, oxygen and metal 
cations migrate through the coating and the cathodic oxygen reduction reaction 
(Equation 1.10) occurs at the interface under the influence of an applied potential. The 
primary cause of delamination is the increase in pH caused by this reaction and 
delamination is well established to occur in a radial pattern away from the anodic sites 
[1-13,64,65]. There still exists, however, considerable debate as to the exact mechanism 
by which the high pH created by the increase alkaline environment breaks the polymer-
to-metal bonds [6,7,10]. On certain surfaces and at set potentials, the formation of 
hydrogen peroxide is more favoured than hydroxyl ions and vice versa. In the case of 
the former, Equation 1.8 becomes Equation 1.13: 
 
O2(g) + 2H2O(l) + 4e- → HOOH(l) + 2OH-(aq)     (1.13) 
 
The hydrogen peroxide produced in Equation 1.13 is unstable at certain potentials and 
will pick up electrons to generate hydroxyl ions, as shown in Equation 1.14 [1], 
 
HOOH(l) + 2e- → 2OH-(aq)        (1.14) 
 
While some researchers have attributed bond degradation to the hydrolysis of the 
polymer at the interface, as proposed by Hammond et al. [69], who used XPS to 
investigate epoxy based resin and concluded that delamination was due to cohesive 
failure of the coating resulting from hydroxide ion  induced saponification of polymer in 
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conjunction with corrosion induced de-adhesion. Supporting this claim, Castle and 
Watts [10,63,70] suggested the formation of an interphase region within which cohesive 
failure may occur and they characterised delamination as a two step process in which 
the locus of failure transits from the metal/oxide interface to the metal oxide/polymer 
interface. Davis et al., in a related study using XPS and TOF-SIMs, identified two clear 
regions of cohesive and interfacial failures [62]. More recently, Stratmann et al. 
[3,9,71], used the Kelvin probe to find significant potential drops from very anodic to 
very cathodic values at the onset of the oxygen reduction reaction (Equation 1.10) with 
the locus of potential drops identical to the locus of adhesive failure.  
 
It has also been postulated that the loss of adhesion is caused by the formation of water-
filled blisters generated via osmotic pressure, which physically lift the polymer/metal 
interface [1,12]. This opinion, initially suggested by Evans [60], claims that once 
hydroxyl ions are formed at the polymer/metal interface, additional water molecules 
tend to diffuse into the polymer/metal interface region, i.e., water moves from a region 
of low pH (surrounding bulk water) to a region of high pH (polymer/metal interface). 
This osmotic pressure differential leads to the formation of pressurised water-filled 
blisters that rupture once the internal pressure in the blisters exceeds the bond strength 
between the metal and the polymer [12]. 
 
The dissolution of the metal oxide layer by the hydroxyl ions and the direct degradation 
of the polymer by hydrogen peroxide are also possibilities [10]. The work of Ritter used 
ellipsometry to describe the cathodic delamination behaviour of an iron/acrylic coating 
system and found the chemical dissolution of metal oxide interface to be an important 
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delamination mechanism [72]. Koehler also found that the rate of cathodic delamination 
was a function of oxygen reduction and metal oxide film properties [73]. 
 
The direct cathodic reduction reaction of hydrogen ions into hydrogen molecules at 
certain set potentials, Equation 1.12, has generated interest due to its ability to increase 
pH at the interface. The production of hydrogen gas is argued to cause physical 
delamination at the interface. The cause of cathodic delamination is disputed between 
various researchers as being due to oxide reduction, alkaline hydrolysis of polymers or 
interfacial failures [1]. The influence of interdependent multiple variables on the 
reaction mechanism makes it difficult to apply a mechanism developed using a specific 
polymer-to-metal composite system to other systems. It has been suggested that the 
failure mechanisms identified are competing factors in any particular system with one 
mechanism predominating depending on coating properties and other electrochemical 
conditions [10].  
 
It is well known in the coatings industry that protective polymer films are permeable to 
water and oxygen. Mayne et al. has shown that for a polymer film to protect a metallic 
substrate against corrosion, the film must possess a low permeability to ions, i.e., it must 
have a high electrolytic resistance [47,48]. It has also been shown that coatings/metal 
interfaces serve as the major pathway for ionic mobility in open circuit conditions 
(when there is no external current) whilst the coating is the primary migration pathway 
in cathodic polarisation conditions [66]. 
 
There are many factors that affect cathodic delamination by influencing the cathodic 
oxygen reduction reaction rate. Variables that have been identified in various studies 
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include nature of metal substrate [2,6], type of electrolyte [6,17], applied potential 
[1,6,66], concentration of electrolyte [1], coating type, thickness and characteristic [1,6], 
temperature [1,6], type of oxide layer [64], levels of oxygen in solution and cathode 
potential [1-6] and surface pre-treatment [6].  
 
The widely accepted delamination process is represented in Figure 1.11 and the 
cathodic delamination steps can be outlined as follows: 
i. Diffusion of water, oxygen and cations through the coating in the presence of a 
defect and or a polarised metal surface.   
ii. Diffused water and oxygen combine with electrons in the reaction(s) in 
Equations 1.10 and/or 1.13 and 1.14. 
iii. High pH conditions develop at the interface due the production of OH- ions. 
iv. Polymer-to-metal bond degradation occurs as a consequence of high pH 
conditions. 
 
 
Figure 1.11. Schematic diagram of the cathodic delamination mechanism at the 
polymer-to-metal interface.  
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activate anodic and cathodic sites with the dissolution of metal at the anode and 
hydroxyl ion generation at the cathode, as shown in Figure 10 [6]. Existing or artificial 
defects in the applied polymer film will become anodic sites with blistering occurring at 
adjacent cathodic sites. The mechanisms of blister formation have been discussed by 
Funke [74]. The role of applied potentials on cation migration at the interface and the 
formation of blisters have been investigated [75]; cathodic polarisation of coated metal 
substrates is thought to significantly influence the rate of ionic transport and hence 
delamination rates. 
 
Electrochemical oxidation and reduction reactions are responsible for cathodic 
delamination and are also accompanied by changes in corrosion potentials, hence 
delamination can be monitored by measuring the changes in the corrosion potential of a 
metal oxide/polymer interface as a function of time and local position [4]. Most 
experiments carried out on cathodic delamination have attempted to use some form of 
pH and potential measuring techniques to measure delamination as a function of time. 
Recent experiments have utilised the SKP microscope to measure corrosion potentials at 
high local resolutions below the polymer film being investigated. This, in combination 
with other surface analytical techniques such as SEM, AEM, and XPS, have been used 
in detailed studies to help understand the delamination mechanism and kinetics at the 
polymer/metal interface [3,4].  
 
1.7 Aims 
The main aim of the research is to provide a better understanding of the failure 
mechanism of selected metal/primer/PU systems used in the manufacture of cable 
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connector assemblies and hence design suitable short-term corrosion tests capable of 
predicting long-term service life expectation of such assemblies.  
 
Some available standard accelerated test protocols [13,15,75], currently used to 
determine the resistance of polymer-to-metal systems to degradation by cathodic 
delamination, exhibit technical and or scientific deficiencies that compromise the 
efficacy of the data generated [3]. The most common deficiency of all accelerated 
testing protocols for cathodic delamination is their inability to offer any direct 
correlation to actual service life performance of the products tested. This is stated in 
appendix X2.2 of the ASTM B117 [14]. Part of the scope of this project work is to 
develop a quantitative accelerated test cell/system for cathodic delamination which is 
able to offer useful data for the prediction of the life-time expectancy of polymer-to-
metal systems.  
 
Key parameters for an accelerated test regime for testing cathodic delamination, include 
the choice of a model failure mechanism, reaction(s) of interest, and the variations in the 
activation energies of the materials, reaction and process [1,76]. The ability to maintain 
the appropriate corrosion current density and voltages and the chemistry of the test 
sample’s metal/polymer interface will be considered. A model failure mechanism(s) 
will be suggested and a novel accelerated test regime for cathodic delamination test of 
metal/polymer systems used in cable connector assemblies will be designed and 
manufactured.
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Chapter 2 
Use of silicon carbide and aluminium oxide in the 
surface pre-treatment of metals 
 
2.1 Introduction 
Surface pre-treatment is a conditioning process that causes modifications to the surface 
characteristics of a substrate (metal), prior to other treatments or the application of 
coatings. A variety of techniques are currently being employed in industry; however, 
pre-treatment of metal surfaces by grit blasting is one of the most common, as it is both 
cost-effective and efficient [1-8]. An effective pre-treatment should result in a high 
degree of surface cleanliness and roughness, necessary to achieve a durable polymer-to-
metal bond [8-11].  
 
Before the metal-heads of cable connector assemblies are over-moulded with PU, their 
surfaces (metal connector back-shell) are pre-treated and coated (primed). It has been 
shown that the polymer-to-metal bond strength or adhesion is enhanced when metal 
surfaces are roughened prior to coating [1-4]. Based on this observation, most 
manufacturers subject metal surfaces to some form of roughening pre-treatment prior to 
coating application. One of the ways by which increased roughness enhances adhesion 
is by providing mechanical interlocking or ‘‘keying’’ effect between the polymer and 
the metal surface at the interface. It has also been proved that roughening increases the 
effective surface area of the metal and hence the number of molecular bonds to area 
ratio at the interface between the polymer and the metal [1-5,7,11-13]. Surface 
roughness and cleanliness are desirable qualities of pre-treated metal substrates, as they 
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are essential for achieving optimum adhesion and durability in specified service 
environments [11-13]. 
 
Abrading methods and/or abrasive materials must be carefully selected to achieve these 
two-fold aims (roughness and cleanliness) especially where the finished products will 
be immersed in an electrolyte [3-4,14]. Certain types of abrasive and sizes are well 
known to become embedded in, or leave residues on the surface of the substrate during 
grit blasting [1,6,14,15]. While in some cases this may not be detrimental, embedded 
abrasive particles may contain solvent-soluble contaminants, which could be 
detrimental to polymer-to-metal bonding in immersion services [6,14]. Choosing the 
right abrading methods and materials has a significant effect on the surface finish 
obtained [14,15]. 
 
2.1.1 Surface pre-treatment 
As mentioned in Chapter 1, the aim of surface pre-treatments is two-fold: (i) to clean or 
remove any contaminants or extraneous material from the surface of the substrate and 
(ii) to provide a suitable surface roughness for subsequent treatment or the adhesion of a 
lacquer [1-11,16]. Common surface contaminants include organics, e.g., oil, grease, dirt 
and existing paints; or inorganic, e.g., rust, mill scales, oxide films and corrosion 
products. The standard of surface cleanliness to be attained for any scenario is ‘that 
which will allow subsequent process to be carried out satisfactorily’ [11,17-19]. Various 
international standards that control the different surface finishes or cleanliness are listed 
in Table 2.1. 
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Table 2.1. Summary of international surface preparation standards and specifications 
[20]. 
 
Surface description SSPC 
(USA) 
(1982) 
British 
standard 
BS70789 
(1988) 
Swedish 
standard 
SIS055900 
(1967) 
NACE 
(USA) 
White metal clean 
 
SP5 Sa3 Sa3 NACE 
N0.1 
Near-white 
Metal clean 
 
SP10 Sa2.5 Sa2.5 NACE 
N0.2 
Commercial blast clean 
 
SP6 Sa2 Sa2 NACE 
N0.3 
Brush-off 
blast clean 
SP7 Sa1 Sa1 NACE 
N0.4 
 
The international standards listed in Table 2.1 are also arranged in terms of relative 
ranking based on the thoroughness of cleaning, with ‘white metal clean’ being the 
cleanest. A detailed description of these surface standards can be found in SSPC-SP 
COM [10].  
 
Whilst cleaning removes extraneous materials that will otherwise impede coating 
adhesion and durability, roughness increases the effective surface area and energy of the 
metal substrate and provides specific surface topography on either a macro or micro 
scale which is suitable for bonding to occur.  
 
The surface profile or roughness of a substrate is a pattern of peaks and valleys created 
on the surface as a consequence of pre-treatment. These can be developed by different 
methods and provide specific surface topographies and chemistries for intermolecular 
bond formation, for example, in anodising in which an electrolytic process is employed 
for growing oxide films on aluminium surfaces. The morphology of the oxide film 
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grown is said to be critical to adhesion and durability of applied coatings [16]. Other 
surface chemical modifications methods may simply be dissolution of surface oxides 
(pickling) or the application of conversion coatings or etching. These pre-treatment 
methods may produce surface morphologies on a micro or nano scale requiring 
specialist equipment to view. Detailed visual examination of these surfaces is only 
possible with high resolution SEM or AFM.  A comparison of surface finishes by these 
two methods has been carried out by Smith et al. [21]. 
 
All pre-treatment method(s) should be selected to achieve increased adhesion and bond 
durability using safe and cost effective processes, equipment and materials. 
 
2.1.2 Types of surface pre-treatments 
Different surface pre-treatment methods are used in industry to prepare metal surfaces 
prior polymer coating. The choice of method depends on the metal substrates, the nature 
of surface contaminants, and the surface finish desired. Most surface pre-treatment 
methods use one, or a combination, of the following mechanisms: mechanical action, 
solubility, detergency and chemical reactions. Some common examples are summarised 
below and a chart showing how the various surface pre-treatment methods are related is 
shown in Figure 2.1.  
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Figure 2.1. Chart showing different classes of surface pre-treatment and methods. 
 
2.1.2.1 Solvent cleaning and degreasing 
This method of surface pre-treatment is specifically used for removing oil and grease 
deposited on the surface of the metal during manufacture or while in service [8,16]. 
Solvent cleaning is normally a prerequisite to other pre-treatment methods and is 
achieved by immersion and washing the substrate in a degreasing tank that contains 
organic solvents, alkaline solutions or an emulsion of organic and aqueous solutions 
[1,4,9-11,16]. Related solvent cleaning techniques include pressure washing, steam 
cleaning and vapour degreasing. These normally use water or water solutions. 
 
Solvent cleaning methods are enhanced by the use of additional mechanical agitation, 
such as scrubbing, stirring or ultrasonic agitation, which aids the removal of extraneous 
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materials from the surface. The efficiency of degreasing, as a function of degreasing 
medium and level of agitation, has been discussed by Watts [16]. A variety of 
proprietary and environmentally-friendly solvents now exists that can be used for 
solvent cleaning and degreasing. These replace chlorinated hydrocarbons solvents, 
which are hazardous to life and the environment. 
 
Pressurised water washing that uses alkaline detergent solutions or other commercial 
formulations, which can be either hot or cold, has proven to be effective for large scale 
maintenance cleaning, whilst hydrocarbon solvents or petroleum-based mineral spirits 
are good for small scale general purpose surface cleaning. However, these solvents 
cannot effectively remove inorganic compounds, such as rust, mill scales, weld flux, 
chloride or sulphates, from the metal surface and alternative methods are usually 
employed [10].  
 
2.1.2.2 Chemical stripping  
Pre-treatment by chemical stripping involves applying certain chemical solutions to 
painted surfaces with the aim of ‘stripping-off’ the coating from the substrate. Known 
as “strippers”, the chemical solutions could be acid, alkali or methylene chloride 
solutions. Alkali-based strippers are most effective in removing oil-based paints, while 
solvent-based strippers are preferred for removing latex paints. A class of chemical 
stripping solutions, known as selective adhesion release agents (SARA), are useful for 
the removal of PU, amines, alkyds, epoxy esters, latexes and polyamide epoxy-based 
coatings [10]. The selected chemical stripping solution is applied to the coated surface 
using trowels, brushes, rollers or sprays. After the specified dwell or reaction time has 
elapsed, the existing coating is removed using mechanical scrapers, ice blasting or water 
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jets [8,10]. Treated surfaces normally require neutralisation following stripping and 
chemical strippers must be selected based on the generic type of the existing coating as 
well as the health, safety and environmental concerns [8]. 
 
Chemical stripping is recommended for removing existing coatings, specifically, old 
lead-containing paints. It is also preferred for coated thin-gage metal sheets, for which 
the danger of warping and distortion is eminent, should other mechanical abrading 
methods be used. Though chemical stripping effectively removes the existing coating as 
well as oil and dirt from the surface, leaving a shiny bare metal, it does not remove rust 
or mill scale and does not effectively increase surface roughness of the metal.  
 
2.1.2.3 High- and low-pressure water cleaning or jetting 
This surface pre-treatment method involves the use of high or low-pressure water jetting 
(with or without detergent) to remove oil, grease, soil, dirt and other surface debris. The 
cleaning mechanism combines solubility and mechanical action from the pressurised 
water. Water pressures between 15 and 45,000 psi can be used, depending on 
requirement, with pressures < 5,000 psi being regarded as low whilst cleaning pressures 
> 5,000 psi are considered high [8,10]. 
 
Water jetting is suitable for general cleaning operations, especially for removing salt 
contaminants from the surface. The method may not be very effective for removing 
adherent coatings or other tightly adherent materials and does not generate the required 
surface roughness. Jetting pressures should be carefully considered to avoid causing 
warping damage to the surface being cleaned and the use of a corrosion inhibitor may 
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be employed to avoid the formation of flash rust [8]. Ultra-high water-jetting pressures 
(> 10,000 psi) should particularly be treated with great caution [10].  
 
2.1.2.4 Hand and power-tool cleaning 
This method involves the use of non-powered or pneumatic and electrically powered 
hand-tools for the removal of loose mill scales, rust, loose paint and other surface 
contaminants. Non-powered hand-tools include wire brushes, scrapers, chisels, chipping 
hammers, abrasive sticks or pads, etc. Non-powered hand tools are not very effective for 
thorough cleaning and removal of rust and tightly adhered mill scales and are often used 
for cleaning small areas, for example, welded work, prior to priming or maintenance 
painting [8,10]. 
 
Powered cleaning tools include needle guns, sanders, wire brushes or wheels, disc 
grinders and rotating flaps. Cleaning using powered tool is faster and less tedious than 
hand-tool cleaning. This method may remove tightly adhered mill scales, generate a 
surface profile and offer a relatively higher degree of cleanliness than hand-tool 
cleaning [10].   
     
2.1.2.5 Abrasive blast cleaning 
As mentioned in the introduction (Section 2.1), abrasive (grit) blast cleaning is perhaps 
one of the most widely used methods of surface pre-treatment prior to the application of 
coatings. It is usually used where a high degree of surface cleanliness and roughness is 
required [8,16]. Abrasive blast cleaning can be classified as either (i) open nozzle or 
expendable grit type for remote use or (ii) closed-cabinet recyclable grit types used 
indoors. Both methods require a careful selection of abrasive type and blasting 
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parameters otherwise the surface finish could be unfavourably altered [8,10]. The 
method employs virtually 100 % mechanical action for thorough removal of rust and 
mill scales and also produces a roughness profile to enhance coating adhesion to the 
surface. 
 
Abrasive particle cleaning involves propelling an abrasive material of given mass at a 
high velocity against the surface of a substrate [8,11]. The high velocity is generated by 
compressed air, an impeller wheel or pressurised water, which give the particles a high 
kinetic energy which is transferred to the metal surface resulting in the removal of rust, 
mill scales, previous coatings and other extraneous materials from the surface [1-11]. A 
typical abrasive blast cleaning system consists of an air compressor, blast machine, blast 
hoses and nozzles while common examples of abrasive materials include chilled iron 
shots, grit, steel shots, copper slag, glass beads, ceramic shots etc. [22]. 
  
The use of grit as an abrasive media is common in the surface pre-treatment of metallic 
substrates and is achieved using a grit-blasting nozzle which is moved backwards and 
forwards across the surface of the substrate being pre-treated [1-7]. 
 
The intensity or degree of surface cleanliness and modification is controlled by a 
number of variable parameters which include grit material hardness, shape, size, nozzle-
to-surface distance, velocity of impact on the surface etc. [8,11].  
 
2.1.3 Types of abrasives 
There are various types of abrasives and the choice of a suitable one, as mentioned 
earlier, depends on a number of important factors, including the substrate metal to be 
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abraded, surface cleanliness required, surface profile desired, size, shape, hardness and 
abrasive break down rate. For example, thick polymer coatings require rougher profiles 
than thin film coatings or pre-fabrication primers and abrasive must be chosen to meet 
this requirement. Common types of abrasive materials are given in Table 2.2. 
 
Table 2.2. Classification of abrasives materials.  
 
Different abrasives vary markedly in hardness, shape, bulk density, friability, waste 
generation, recyclability and particle size distribution. These varying characteristics 
influence the performance of the abrasive and hence the surface roughness generated.  
For example, the hardness of an abrasive affects the depth of cut on the surface while its 
friability determines its breakdown rate on impact with the surface [10]. Table 2.3 
 
Manufactured 
abrasives 
 
 
Non-metallic abrasives 
 
 
 
Metallic abrasives 
Synthetic Natural By-products Inorganic 
Aluminium oxide 
 
Silica (sand) Copper slag Steel shots 
Silicon carbide 
 
Zircon Nickel slag Iron pellets 
Glass beads Flint Boiler slag Aluminium pellets 
 
Crushed glass 
 
Garnet Coal slag Brass pellets 
Dry ice Corncob 
 
  
Plastic beads Kieserite 
 
  
Sodium bicarbonate Novaculitte   
 Granulated shells  
& Kernels 
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summarises the different factors and characteristics of an abrasive and how they affect 
surface pre-treatment. 
 
Table 2.3. Summary of the effects of abrasive characteristics on surface finish [10,15]. 
 
Factor 
 
Effect 
 
Mass Higher mass particles obtain a greater kinetic energy for impact 
Shape Spherical abrasives generate a peened round bottom finish 
while angular abrasives generate an etched matte finish. 
Size Larger size abrasives create rougher surfaces than smaller size 
abrasives, although smaller abrasives produce cleaner surfaces 
due to a larger number of particle impacts per unit area. 
Hardness Hard abrasive cut deeper into the surface than soft and brittle 
abrasives, which may shatter on impact. The hardness of the 
grit should be considered in relation to the hardness of the 
substrate being abraded. 
Chemical 
composition 
Due to abrasive embedment into surfaces, the solubility of 
abrasives must be considered in immersion environments. 
Friability A measure of the abrasive resistance to breakdown on impact 
with the surface, hence generating more waste or dust. 
 
Standards that specify the requirements for the selection of various abrasive materials 
are available from the Society of Protective Coatings (SSPC) and include SSPC-SP-
COM and SSPC-AB 1-3 [10,17-19]. 
 
Most mineral and by-product abrasives, for example, can be recycled but may not meet 
strict cleanliness requirements, whilst metallic abrasives have a very low friability and 
can be recycled, still meeting strict cleanliness requirements. In abrasive selection, 
consideration should be given to the smallest size that can effectively and economically 
produce the desired surface finish. 
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As mentioned in Chapter 1, the surface of the metal connector back-shell is commonly 
pre-treated by grit blasting prior to the application of a primer and the subsequent 
moulding with castable PU plastic. Inappropriate surface pre-treatment will 
unfavourably affect the polymer-to-metal adhesion properties hence the durability of 
these components in service applications.  
 
2.1.4 Aims  
This work has been carried out to (i) examine the surface topographies of grit blasted 
metals and measure their surface roughness, (ii) identify extraneous materials on grit 
blasted surfaces and find methods of reducing or eliminating them and (iii) investigate 
the effect of grit material and or grit blasting pressures on the surface cleanliness of 
metal substrates. 
 
The main objective of the work is to determine the optimum surface roughness and 
cleanliness required to achieve optimum adhesion of selected polymer-to-metal systems 
in immersion service and hence reduce the effect of failures by cathodic delamination 
experienced in cable connector assemblies used in marine environments. The work was 
initially focused on the surface characteristics of stainless steel 316L, bronze CW451K 
and titanium Ti6Al4V alloys.  Emphasis was later placed on stainless steel 316L due to 
its role in the manufacture of metal connector bodies. Surface roughness and cleanliness 
generated using aluminium oxide (Al2O3) rich grit and silicon carbide (SiC) rich grit 
were compared and roughness numbers assigned. 
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2.2 Experimental 
2.2.1 Materials 
2.2.1.1 Metal substrates   
The metal substrates employed were stainless steel 316L, bronze CW451K, and 
titanium Ti6Al4V alloys, acquired from Aaron Metal and Plastics Suppliers Ltd., 
(Bristol, UK). Detailed material compositions are given in Table 2.4; Table 2.5 lists 
relevant mechanical properties of the metals. 
 
Table 2.4. Percentage alloying element in metals [23]. 
 
 
  
Metal type 
 
Elements and % composition 
 
Stainless 
Steel-316L 
C Mn P S Si Cr Ni Mo N 
 0.03 2.00 0.045 0.030 0.75 16.00-18.00 10.00 -
14.00 
2.00 - 
3.00 
0.10 
  
Bronze- 
CW451K 
P Sn Cu Fe  Ni  Zn  Pb Other total 
 0.01- 0.4 4.5 – 5.5 Bal ≥ 0.1 ≤ 0.2  ≤ 0.2 ≤ 0.02 0.2 max 
  
Titanium- 
Ti6Al4V 
Al V C Fe N H O Ti 
 5.5 - 6.76 3.5 - 4.5 <0.08 <0.25 <0.05 <0.0125 <0.2 Bal 
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Table 2.5. Mechanical properties of metals [23,24]. 
 
2.2.1.2 Abrasive materials 
The abrasive materials used for surface pre-treatment were Al2O3 and SiC rich grits 
supplied by Vixen Surface Treatment Ltd. (Stockton on Tees, UK) and Guyson 
International Ltd. (North Yorkshire, UK), respectively. The hardness, grit size and 
percentage compositions are listed in Table 2.6. Al2O3 of 36 mesh size had average 
particle sizes of 525 µm while the 30/40 comprised of a mixture of grit particle sizes of 
623 and 438 µm, respectively. SiC grit had an average particle size of 370 µm (Table 
2.6). 
 
Table 2.6. Percentage grit compositions [23,24]. 
Metal type HRC Hardness Tensile strength / N mm-2 
Stainless Steel 316L 22 500 – 700 
Bronze CW451K 20 320 – 950 
Titanium Ti6Al4V 39 897 
Grit 
type 
Mohr 
hardness 
Grit size   
% composition 
 
FEPA 
 
 µm 
    Al2O3 TiO2 SiO2 CaO MgO Fe2O3  
Al2O3 9 30/40 625/438 95.20 2.90 1.30 0.30  0.30 0.02  
 
Al2O3 9 36 525 95.20 2.90 1.30 0.30  0.30 0.02 
 
 
    Al2O3 K2O SiO2 + 
Si 
CaO MgO Fe2O3 SiC 
SiC 10 46 370 0.4 0.03 2.0 0.2 0.05 0.3 
 
96.5 
SiC 10 36 525 0.4 0.03 2.0 0.2 0.05 0.3 96.5 
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2.2.1.3 Polymeric materials  
Two primers were used for sample preparation, PR24 wash primer supplied by Lords 
Corporation Ltd., Manchester, UK, while PR91 primer and castable PU material 
(EMC80A) were supplied by DOW Hyperlast, Derbyshire, UK.  
 
2.2.2 Equipment  
2.2.2.1 Grit blasting 
Grit blasting was carried out in a Vixen Jetair VM42 blast cabinet (Vixen Surface 
Treatment Ltd., Stockton on Tees, UK). This is an open nozzle recyclable indoor type 
grit blasting system in which grit is fed from a hopper via a hose to a blasting nozzle 
using compressed air. 
 
Metal substrates of stainless steel 316L, bronze CW451K, and titanium Ti6Al4V were 
cut into 20 mm × 20 mm × 3 mm sections. Prior to surface preparation, substrates were 
cleaned in acetone using a hard bristle hand brush. The surfaces were then grit blasted 
according to PDM standard PDM/STD/3009 [25]. Brown angular Al2O3 grit of 30/40 
FEPA mesh size (625/438 µm) or black SiC grit of FEPA mesh sizes 36 (525 µm) and 
46 (370 µm) were used as received condition. 
 
A tungsten carbide blast nozzle 8 mm diameter located at an angle of ca. 75 – 90°, 
separated from the substrate surface by ca. 6 – 10 cm, was used. The nozzle was 
continuously and slowly moved backwards and forward across the metal surface until 
an even matt finish was achieved [25]. Blasting pressures of 80, 70, 60, 50 and 40 psi 
were used for surface pre-treatment.  
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2.2.2.2 SEM 
Grit blasted samples were examined using a Jeol digital analytical scanning microscope 
JSM-6100 fitted with energy dispersive x-ray spectrometry (EDS) to identify the 
elemental compositions of treated surfaces. Acquisition of SEM images was carried out 
using a voltage range of 20 – 25 kV and a current of 90 – 100 mA on a tungsten 
filament cathode. Prior to imaging, the surfaces of the grit blasted metal substrates were 
washed in acetone and any debris removed by a stream of clean, dry compressed air. 
Samples were then mounted on sample holders using plastic conductive carbon cement 
and placed in the SEM specimen chamber.  
 
After SEM imaging, elemental analysis using EDS, using the same equipment, was 
carried out to determine elemental composition.   
 
2.2.2.3 Surface roughness 
Surface roughness measurements of grit blasted materials were carried out using a 
Tally-surf Mitutoyo-Surftracer SV-C524 coupled to a Surtronic 3P Taylor-Hobson 
system (Figure 2.2). 
 
                                                                                      
                               (a)                                                                       (b) 
 
Figure 2.2. Surface roughness measurement system: (a) Mitutoyo-Surftracer SV-C524 
and (b) test sample being measured by the stylus.  
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Metal substrates grit blasted using different grit materials and particle sizes were 
analysed to establish the surface roughness generated. Prior to measurements, grit 
blasted metal samples were again subjected to a stream of dry compressed air to remove 
loose particles. The test sample pieces (20 mm × 20 mm × 3 mm) were attached to a 
sample mounting block using double sided adhesive tape and their roughness measured 
by the stylus arm of the Tally-surf (Figure 2.2). As the stylus arm moved across the 
surface of the substrate, it moved its diamond tip stylus between roughness spacings on 
the surface of the sample while the skid slides along the surface unaffected by the 
roughness spacing due to its larger radius of curvature (Figure 2.3). The movement of 
the stylus relative to the skid are detected and converted to proportional electrical 
signals which provide details of surface roughness. Three readings were obtained from 
different areas of each sample and an average value determined. The roughness 
parameter employed for surface texture measurement was Ra, the arithmetic mean of 
dispersion of the roughness profile from the mean line within the evaluation length and 
could be assigned roughness numbers for easy evaluation (Figure 2.4). 
 
Ra is universally recognised and the most widely used roughness parameter. It is the 
mean of departures of the roughness profile from the mean line (ISO 1302) [26,27]. 
Other roughness parameters include the root mean square roughness (Rq), the maximum 
height of profile above the mean position (Rp) and the maximum depth of profile from 
the mean line (Rv). 
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Figure 2.3. Schematic diagram of the stylus arm showing the location of the skid and 
the diamond tip stylus on the surface of the metal substrate. 
 
 
                     Figure 2.4. Nominal Ra / roughness number chart [26,27].  
 
2.2.2.4 Bond testing  
To examine the effect of grit blasting on adhesion, stainless steel 316L metal substrates 
were used as-received, machined ground surface finished, 100 mm × 25 mm ×  3 mm 
thick test pieces. These metal test pieces were then grit-blasted using Al2O3 or SiC rich 
0.025 
0.1 
0.05 
0.2 
0.4 
0.8 
1.6 
3.2 
6.3 
12.5 
25 
50 
N1 
N2 
N3 
N4 
N5 
N6 
N7 
N8 
N9 
N10 
N11 
N12 
Nominal Ra 
Value (µm) 
Roughness 
Number 
Grades 
Chapter 2: Use of silicon carbide and aluminium oxide in the surface pre-treatment of metals 
62 
 
grit (Section 2.2.2.1). The metal test samples were coated with a primer (PR91 or 
PR24), allowed to dry and then over-moulded with castable PU in permanent open-fill 
PU moulds. Prior to moulding, about 10 mm of one end of the coated metal strips was 
masked with adhesive tape, to create an unbonded free end for sample bond testing 
following curing. Three sets of samples were prepared: (i) test samples as-received 
(machined ground finish), (ii) test sample prepared using Al2O3 and (iii) using SiC grit 
for surface pre-treatment. After moulding, samples were allowed to cure for 24 h and 
further prepared by grinding the edges to remove excess material and reveal the 
polymer-to-metal bond-line. A photograph of moulded test samples with ground edges 
is shown in Figure 2.5 (black arrows). 
 
 
Figure 2.5. Photograph showing moulded metal/primer/PU composite test samples 
revealing polymer-to-metal bond-line (black arrows) after preparation. 
 
Bond testing was carried out using a Mecmesin Advance Force Gauge AFG-500N. This 
equipment operates via a manual hand wheel which is integrated onto a digital force 
gauge (Figure 2.6). A schematic of the bond test evaluation procedure is shown in 
Figure 2.7. The moulded test samples were horizontally, firmly clamped to the base of 
the equipment using adjustable crewed-on metal beams, while the unbonded PU end of 
the test sample was firmly griped using a metal pinch or vice grip (Figure 2.8), which 
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itself was attached to the force gauge. Bond testing was carried out by gradually turning 
the manual wheel until the PU began to peel off the metal surface. 
 
 
 
Figure 2.6. Photograph showing the Mecmesin Advance Force Gauge (AFG-500N) 
used for bond testing.  
 
 
Figure 2.7. Schematic showing the bond evaluation principles. 
 
Chapter 2: Use of silicon carbide and aluminium oxide in the surface pre-treatment of metals 
64 
 
 
 
Figure 2.8. Photographs showing a rigged-up test sample for bond strength evaluation 
using the Mecmesin Advance Force Gauge AFG-500N. 
 
2.3 Results and discussion  
As mentioned earlier, the metal substrates pre-treated by grit-blasting during these 
experiments were stainless steel 316L, bronze CW451K and titanium Ti6Al4V alloys. 
More attention was focused on stainless steel 316L, due to its lower cost and higher 
frequency of use in the manufacture of metal connector back-shells when compared to 
the other alloys.  
 
2.3.1 Grit blasting materials 
In the initial studies, all metal substrates were pre-treated using Al2O3 grit of 30/40 
mesh size (625/438 µm). This was later found to be unsuitable due to the relative 
amount of grit particle contaminants deposited and embedment on the metal substrate 
which made the surface cleanliness fall-short of the required standard. The grit material 
was then changed to SiC grit of smaller sizes 36 (525 µm) and 46 (370 µm), 
respectively, the latter being harder (Mohr hardness of 10) than the former (Mohr 
hardness 9) (Table 2.6). 
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2.3.2 Non-abraded stainless steel 316L substrates 
As-received stainless steel 316L surfaces were imaged by SEM prior to surface pre-
treatment by grit blasting. This was to determine the surface characteristics of a non-grit 
blasted test substrate and hence establish a baseline for surface assessment following the 
grit blasting process. A low magnification SEM image of a non-grit blasted stainless 
steel 316L (Figure 2.9(a)), revealed a relatively smooth and flat surface with machining 
marks seen as serrated lines on the surface of the metal substrate. A higher 
magnification SEM image (Figure 2.9(b)), revealed ridges and furrow-like features with 
flattened serrated edges resulting from machining and grinding. This is typical of non-
grit blasted metal surfaces depending on prior processing methods, such as the direction 
of machining and grinding [28,29]. 
 
                   
                               (a)                                              (b) 
Figure 2.9. SEM images of non-grit blasted stainless steel 316L: (a) low magnification 
image revealing grinding line and (b) high magnification image showing ridges and 
‘furrow-like’ surface features. 
 
The Ra value of a non-grit blasted machine-finish (ground) stainless steel 316L (Tally-
surf) was found to be ca. 0.51 µm (Table 2.7).  These roughness values were similar to 
those reported by Faller et al. [29]. 
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Table 2.7. Roughness values for non-grit blasted (machine ground finish) metal 
substrates. 
 
Sample Ra / µm 
Stainless steel 316L-1 0.45 
Stainless steel 316L-2 0.58 
Bronze CW451K-1 0.064 
Bronze CW451K-2 0.367 
Titanium Ti6Al4V-1 0.400 
Titanium Ti6Al4V-2 0.368 
 
EDS analysis of the surface of non-grit blasted stainless steel 316L substrate revealed 
intense Fe peaks at 6.380 and 7.000 keV and Cr peaks at 5.380 and 5.900 keV (Figure 
2.10). Smaller peaks for Si, S and Ni were also evident in the spectrum. All peaks 
observed could be attributed to the alloying elements of stainless steel 316L (Table 2.4).    
 
 
 
 
Figure 2.10. EDS spectrum of the surface of a non-grit blasted 316L stainless steel. 
Fe Peak  
Cr Peak  
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2.3.3 Abrasive blast cleaning at different pressures using aluminium oxide grit 
The immediate and obvious effect of grit-blasting metal surfaces with Al2O3 grit of 
30/40 mesh size (635/438 µm) was the formation of a rough metal surface texture. The 
use of different grit blasting pressures was employed to establish whether this had an 
effect on surface cleanliness and grit embedment. Roughness values of stainless steel 
316L surfaces grit blasted at different pressures using this grit are presented in Table 
2.8. Apart from an obvious change in surface texture, SEM analysis of the abraded 
metal surfaces revealed other surface features and topographies (Figure 2.11). A 
prominent feature on the grit blasted surface was the presence of a large amount of 
embedded particles (low magnification; seen as dark areas Figure 2.11) and also the 
presence of clearly defined gouge marks and surface craters, some containing bright 
shiny particulates (Figures 2.12 and 2.13). 
 
Table 2.8. Roughness values of stainless steel 316L samples grit blasted using Al2O3 
grit of 30/40 mesh size.  
 
Sample 
Blast 
pressure 
/ psi 
 
Ra / µm 
 
Rq / µm 
 
Rp / µm 
 
Rv / µm 
1 40 3.02 3.89 11.59 12.85 
2 40 3.42 4.34 13.57 12.75 
3 50 3.79 4.79 14.31 13.01 
4 50 4.26 5.44 15.16 16.21 
5 60 3.97 4.99 13.33 14.67 
6 70 4.32 5.53 16.49 16.35 
7 80 4.14 5.22 13.28 15.21 
8 80 3.92 4.94 14.34 14.43 
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Figure 2.11. SEM micrograph of stainless steel 316L after grit blasting with Al2O3 grit 
(30/40) showing large amount of surface particle embedment seen as dark spots.  
 
  
     (a)                                                                   (b)                                    
Figure 2.12. SEM micrographs of stainless steel 316L after grit blasting with Al2O3 grit 
(30/40). (a) Surface craters and gouges evident on surface and (b) shiny particulates 
present in surface craters. 
 
Grit blasting using Al2O3 grit of 30/40 mesh size generated Ra values of 3.0 – 4.0 µm 
whilst varying the grit blast pressures from 40 – 80 psi increased Ra by ca. 25 % (Table 
2.8). No significant differences in surface cleanliness (Figure 2.14) or roughness values 
were observed (Ra = 3.50 ± 0.75 µm) as a result of pressure variation. The bright and 
shiny surface features (Figure 2.12(b) and Figure 2.13) are attributed to surface charging 
of the test sample due to localised accumulation of electrons during imaging. Test 
sample charging is a phenomenon that normally occurs as a result of the presence of 
extraneous non-conducting materials leading to charge accumulation [30].   
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Figure 2.13. SEM micrograph of grit blasted stainless steel 316L revealing surface 
craters and surface charging effect due to the presence of extraneous non-conducting 
material imbedded in the surface craters (bright areas).  
 
                
 
 
 
Figure 2.14. SEM micrographs of stainless steel 316L grit blasted using Al2O3 grit at 
(a) 40 psi, (b) 50 psi, (c) 60 psi and (d) 80 psi, no significant difference in surface 
roughness and cleanliness was observed.   
 
 (a) (b) 
(c) (d) 
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The crater areas and surface particulates were further analysed using EDS spot analysis 
and the results confirmed that the non-conducting material embedded in the surface 
craters was Al rich (Figure 2.15), with an intense peak at 1.487 keV. Other elements 
identified were Ca (3.720 keV), Cr (5.380 and 5.900 keV) and Fe (6.380 keV and 7.000 
keV).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15. EDS spectrum of surface particulate matter found in surface craters on the 
surface of grit blasted stainless steel 316L. The spectrum reveals an intense Al peak at 
1.487 keV confirming that surface particulate was Al rich.  
 
To confirm the elemental composition of the surface particulates, analysis was carried 
out on three different areas on the samples exhibiting regions of high brightness 
(charging effect). The spectra from all regions showed intense Al peaks confirming that 
the material was Al rich, likely to be from the 95.20 % Al2O3 rich grit blasting material. 
The reduced Ca peak was suspected to be from the 0.30 % CaO content of the grit 
material while the presence of Cr was traced to the 16 – 18 % Cr alloying content of 
stainless steel 316L from the surrounding regions. The Fe peak corresponded to the Fe 
content of stainless steel 316L, which is about 60 w/w %. The grit material contains 
Fe 
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0.02 % of Fe3O4, which may be a source of Fe. The small peaks of Ti and Ni in the 
spectrum were attributed to the 2.90 w/w % TiO2 in the grit material and 0.1 % Ni 
alloying content in the stainless steel 316L.    
  
Analysis of the surrounding regions (i.e. adjacent areas) of the crater and particles on 
the grit blasted metal surface was also carried out and the spectrum observed to be 
identical to that of the particulate material except for a reduced intensity of the Al peak 
and the increased intensity of the Fe peak (Figure 2.16).  
 
 
          
 
 
 
 
 
 
 
Figure 2.16. EDS spectrum of regions surrounding embedded surface particulate of grit 
blasted stainless steel 316L. The spectrum shows a higher intensity of Fe.  
 
The reduction in the intensity of the Al peak and a subsequent increase in the Fe peak 
(Figure 2.16 compared to Figure 2.15) is most likely to be due to the relative amounts of 
these elements in the different areas or regions of the sample analysed. Although EDS 
spectra are only semi-quantitative, the larger the area of a peak in a spectrum, the 
greater the concentration of the element in the specimen or region being analysed.  
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2.3.4 Abrasive blast cleaning at different pressures using silicon carbide grit mesh 
size 46 
Apart from the problem of surface contamination by grit deposition and embedment on 
the metal substrates, the use of a recyclable grit blasting unit can also result in cross 
contamination of the surface by dirt or other extraneous materials removed from other 
surfaces (but still present in the grit) that have been previously grit blasted in the 
cabinet. The presence of extraneous materials on grit blasted surfaces can be detrimental 
to polymer-to-metal adhesion particularly if they are water or solvent soluble [14]. The 
breakdown rate (friability) of the grit material is also an important factor in determining 
the efficiency and suitability of recyclable grit blasting units. The use of a harder grit 
material (SiC) of smaller particle size 46 (370 µm) for surface pre-treatment was 
subsequently investigated with the aim of producing a better cleanliness and surface 
roughness combination required for a good polymer-to-metal adhesion. Low 
magnification SEM images of stainless steel 316L metal substrates grit blasted using 46 
mesh size (370 µm) SiC grit revealed a fairly even surface profile characterised by few 
surface craters seen as dark spots (Figure 2.17).  
 
                           
Figure 2.17. SEM micrographs of stainless steel 316L grit blasted using SiC grit 
showing minimal amounts of surface contaminant or grit particle embedment (dark 
spots). 
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Higher magnification imaging (Figure 2.18) revealed a marked difference in the surface 
topographies of stainless steel 316L grit blasted with SiC grit, compared to surfaces of 
non-grit blasted stainless steel 316L substrate (Figure 2.9). The images revealed surface 
features characterised by short peaks and shallow valleys (Figure 2.18(a) and (c)) 
compared to the shallow ridge and ‘furrow-like’ features of non-grit blasted metal 
surfaces (Figure 2.9(b)) and the large and rough surface indentations consisting of high 
peaks and deep furrows generated by Al2O3 grit (Figure 2.12(a)). The SEM image 
shows that size 46 SiC grit material produced small indentations in the form of dimples 
and angular dents of small diameter (Figure 2.18(c) and (d)). Only a minimal amount of 
grit particle embedment (Figure 2.18(b)) and higher magnification images (Figures 
2.18(c) and 2.18(d)) showed a peened, round bottom finish with short peaks and 
shallow valleys which are characteristic of a surface finish created by small and 
relatively round-shaped abrasive particle size [15]. 
 
                     
                                     
 
Figure 2.18. SEM micrographs showing stainless steel 316L grit blasted with SiC grit; 
(a-b) minimal amounts of surface contaminant and grit particle embedment and (c-d) 
higher magnification of surface topography revealing ‘‘dimple-like’’ short peaks and 
shallow valleys on grit blasted surfaces.    
(a) (b) 
(c) (d) 
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Prolonged use of grit in a recyclable grit blasting unit can result in cross contamination 
of metal surfaces and a reduced roughness profile while increased hardness and reduced 
grit particle size are known to reduce friability and increase surface cleanliness, 
respectively [10]. A reduction in surface roughness profile due to the use of smaller grit 
size has also been reported [31].   
 
The surface roughness generated whilst using 46 mesh size SiC grit at different grit 
blasting pressures was also investigated. Roughness values (Tally-surf) are presented in 
Table 2.9. Reduction in the abrasive particle size reduced the roughness of grit blasted 
samples to an average value of ca. 2.3 µm while increasing the grit blasting pressure 
from 60 psi to 80 psi increased the Ra roughness from 2 to 2.5 ± 0.2 µm, a increase of   
ca. 25 – 30 %.  
 
Table 2.9. Surface roughness of stainless steel 316L after grit blasting with SiC grit 
(size 46) at blast pressures of 60 and 80 psi.   
 
Sample Blast pressure / psi  Ra /µm 
 
Rq /µm 
 
Rp /µm 
 
Rv /µm 
1 60 2.04 2.60 7.81 8.33 
2 60 2.07 2.63 7.75 8.32 
3 80 2.69 3.38 8.46 10.11 
4 80 2.58 3.25 9.04 10.30 
  
Results from these experiments clearly show that a decrease in abrasive particle size 
from 525 to 370 µm results in a corresponding decrease in Ra from an average of 4.0 µm 
to 2.3 µm, respectively. EDS analysis of the grit blasted surfaces confirmed that the 
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embedded particles in the surface craters, though few in number, were Si-rich (Figure 
2.18(a-b)). This can be directly attributed to the 96.5 % SiC rich grit material used for 
surface preparation.  
 
The EDS spectrum (Figure 2.19) shows a high intensity of Si at 1.780 keV. Although 
the abrasive material contains 0.3 % Fe3O4 (Table 2.6) the Fe content in the spectrum is 
most likely to be from the larger percentage of Fe (> 60 %) in the stainless steel 316L 
substrate (Table 2.4). Cr was thought to be from the 16 – 18 %, while Mn and Ni were 
from the 2 %, and 10 – 14 % alloying contents of these elements, respectively, present 
in stainless steel 316L.  
                      
 
Figure 2.19. EDS spectrum of embedded particle on the surface of grit blasted stainless 
steel 316L showing silicon Kα peak at 1.780 keV and Cr and Fe Kα peaks at 5.380 and 
6.380 keV, respectively.  
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Abrasive media contamination of the grit blasted substrates was observed either in the 
form of embedded grit particles (Figure 2.20(a)) or as loosely deposited surface grit 
particles (Figure 2.20(b)). Neither of these could be effectively removed by washing in 
acetone or subjecting the grit blasted surface to a blast stream of clean air. The grit 
particles are likely to get stuck or wedged between the surface irregularities making it 
difficult to completely remove particulate materials by either method. It is, however, 
advised that all grit blasted surfaces be subjected to a blast stream of clean dry 
compressed air and or washed in suitable solvents to reduce the amount of surface 
abrasive media contamination.  
 
       
                                 (a)                                                         (b) 
 
Figure 2.20. SEM images of stainless steel 316L showing (a) an embedded grit particle 
and (b) a loose grit particle on the surface.  
 
 
2.3.5 Effect of abrasive blast cleaning using different grit materials of the same 
particle size 
As shown in the previous data, the immediate and obvious effect of grit blasting is a 
change in the surface texture of the metal substrate. Grit blasting generates isotropic 
surfaces with higher Ra values as observed by profilometry measurements (Tally-surf). 
SiC and Al2O3 grits both of mesh size 36, which is equivalent to 525 µm, were 
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employed. This was aimed at further establishing and maximising the role of grit type 
and size in surface preparation of metal substrates. Results obtained from experiments 
in which two sets of stainless steel 316L substrates were grit blasted using Al2O3 and 
SiC grits of the same particle size (36) are presented in Table 2.10.  
 
Table 2.10. Roughness values of stainless steel 316L grit blasted with different grit 
material of same particle size 36 (525 µm) at a blast pressure of 60 psi.  
 
 
 
The results show that abrasives of 525 µm average grit particle size generates an Ra 
value of ca. 4.0 ± 0.2 µm regardless of the grit type or material. Although SiC grit is 
harder than Al2O3 grit (Mohr’s hardness 10 and 9, respectively), no significant 
difference was observed in the roughness values generated by the different grit 
materials. 
 
 
Sample Grit type Ra /µm Rq /µm Rp /µm Rv /µm 
1 SiC 3.82 4.92 11.30 13.98 
2 SiC 4.35 5.55 12.57 14.09 
3 SiC 3.75 4.76 10.19 13.72 
4 SiC 3.94 4.90 11.48 12.62 
5 Al2O3 4.14 5.08 11.23 12.43 
6 Al2O3 4.70 5.96 13.00 15.72 
7 Al2O3 3.55 4.48 9.18 13.56 
8 Al2O3 4.55 6.05 12.44 17.83 
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2.3.6 Effect of abrasive blast cleaning of different metal substrates using 
aluminium oxide grit 
As shown in the previous data, the surface roughness and cleanliness of grit blasted 
metal substrates seem to be clearly dependent on various interactive processing 
parameters. The effect of grit blasting on different metal substrate materials was also 
investigated.  Stainless steel 316L, titanium Ti6Al4V and bronze CW451K alloys were 
grit blasted using 30/40 Al2O3 grit. The roughness data is shown in Table 2.11. 
 
Table 2.11. Roughness values of different metal samples grit blasted with Al2O3 grit 
material of same particle size 30/40 (624/438 µm) at blast pressure of 60 psi. 
 
 
Metal substrate Ra /µm Rq /µm Rp /µm Rv /µm 
Stainless steel 316L 3.89 5.03 13.60 17.21 
Stainless steel 316L 3.13 4.07 14.80 10.29 
Stainless steel 316L 3.82 4.79 13.92 13.9 
Stainless steel 316L 3.92 4.92 12.88 18.00 
Stainless steel 316L 3.79 4.86 15.07 14.74 
Mean  Ra 3.71    
Bronze CW451K 5.49 6.88 16.18 21.45 
Bronze CW451K 3.99 5.03 15.55 12.39 
Bronze CW451K 4.06 5.25 17.14 14.75 
Bronze CW451K 4.91 6.38 19.41 18.89 
Bronze CW451K 5.32 6.60 18.91 18.63 
Mean Ra 4.75    
Titanium Ti6Al4V 4.20 5.27 15.24 14.17 
Titanium Ti6Al4V 3.22 4.11 12.25 11.54 
Titanium Ti6Al4V 3.32 4.29 13.79 13.43 
Titanium Ti6Al4V 3.71 4.60 12.76 14.32 
Titanium Ti6Al4V 4.12 5.19 15.71 15.45 
Mean  Ra 3.71    
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From the data obtained, it was observed that Al2O3 grit of 30/40 mesh size produced 
rougher surface profiles on bronze substrates (Ra = 4.75 µm) than on stainless steel 
316L and titanium (Ra = 3.71 µm).   
 
After grit blasting with Al2O3 grit of 30/40 mesh size, SEM analysis on the surfaces of 
grit blasted stainless steel 316L, bronze CW451K and titanium Ti6Al4V also revealed a 
marked variation in grit particle embedment. Bronze CW451K revealed an even surface 
roughness profile with sharp peaks and deep valleys and with a lesser amount of surface 
particle embedment (Figure 2.21(a)) than the stainless steel 316L surface (Figure 
2.21(b)); the Ti6Al4V alloy had the least amount of surface grit particle embedment 
and/or contaminants (Figure 2.21(c)). Stainless steel 316L was observed to have a 
greater amount of abrasive particle embedment (Figure 2.21(b)).   
 
     
                                     (a)                                                            (b)   
                 
 
                                                                       (c)                        
Figure 2.21. SEM micrographs showing grit blasted surfaces of (a) bronze CW451K, 
(b) stainless steel 316L, with a higher amount of embedded grit particles and (c) 
Ti6Al4V showing minimal amount of grit particle embedment.  
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These differences in roughness and grit particle embedment could be attributed to the 
varying hardness properties of these alloys (Table 2.5). Increased roughness in bronze 
could be due to its lower material hardness value (20HRC) than stainless steel 316L and 
titanium (22 and 39 HRC, respectively) while the reduced amount of surface grit 
embedment in titanium may be due to its higher hardness value. 
 
Material hardness is likely to determine the amount of elastic and/or plastic deformation 
caused by an impinging grit particle during grit blasting. Plastic indentation could be 
minimal for harder materials [15] hence reducing the likelihood of grit particle 
embedment. The hardness of the grit material could be a contributing factor as is the 
hardness of the metal substrate. Harder grit materials will fracture on impact with the 
metal surface while softer grit material tends to be less effective on harder metal 
substrates and may absorb some of their kinetic energy on impact hence breaking down 
and becoming embedded in the surface [8,15]. 
 
High magnification SEM images of the grit blasted metal substrates are shown in Figure 
2.22. The micrographs reveal complex topographies of the surface with large and rough 
surface indentations consisting of high peaks and deep furrows created by the 30/40 
mesh size Al2O3 grit. Figure 2.22(a) reveals characteristic indentation deformation 
produced by impact from sharp angular grit particles creating surface indentations and 
craters with sharp peripheral lips. Most of the surface craters generated by the grit 
impact on stainless steel 316L and titanium substrates were ‘v-shaped' with angular 
steep sides which project unto the surface as sharp edges (Figure 2.22(a)) and (b), 
respectively). The surface of bronze showed pronounced ductile tearing with shallower 
but longer prow shape craters (Figure 2.23). The sharp grit particles may have hit the 
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surface at an angle creating a prow with steep edges. Similar surface features have been 
identified by the work of Griffiths et al. [1]. 
 
   
(a)                                            (b) 
 
Figure 2.22. High magnification (×950) SEM micrographs showing images of (a) 
stainless steel 316L and (b) Ti6Al4V.  
 
 
 
Figure 2.23. SEM micrograph of bronze CW451K alloy showing ductile tearing of the 
surface.  
 
Metal substrate type was found to be one of the factors that determine the Ra, the degree 
of cleanliness and the level of grit embedment recorded on metal surfaces after grit 
blasting.  It is important that the hardness of the metal substrate relative the hardness of 
the abrasive be considered otherwise the effective energy of the propelled abrasive 
material during grit blasting will be compromised.  
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2.3.7 Effect of grit blasting on polymer-to-metal adhesion  
Data from previous experiments (Section 2.3.4) have shown that stainless steel 316L 
metal substrate prepared using SiC grit, produced cleaner but less rough surfaces, while 
those prepared using Al2O3 grit produced less clean but rougher surfaces. Experimental 
analysis were also carried out to make a bond strength comparison between test samples 
grit blasted using both grits. This helped in determining the most appropriate and cost 
effective grit material/roughness required to produce metal surfaces that are relatively 
clean and yet possess adequate surface roughness profiles necessary for producing the 
optimum polymer-to-metal bond strength needed for sealing of the polymer-to-metal 
interface. The effect of surface preparation type/material on polymer-to-metal bond 
strength is presented in Table 2.12.  Stainless steel 316L test samples grit blasted using 
Al2O3 grit were found to have bond strengths values of ca. 28 – 32 kg (Figure 2.24) 
while those grit blasted using SiC grit showed higher bond strengths values of ca. 36 – 
42 kg (Figure 2.25).  Lower bond strength values of ca. 20 – 26 kg were recorded for 
test sample with as-received machined ground surfaces (Figure 2.26). These results 
confirm that grit blasting enhances the adhesion properties of polymer-to-metal 
interfaces and the results are consistent with the work of Griffith et al., who also found 
that grit embedment caused a reduction in the adhesion of plasma coating on steel [1]. 
Increased bond strength in grit blasted samples is believed to be due to mechanical 
interlocking of the polymer into the surface irregularities of the metal and/or an 
increased interfacial area available for chemical bonding. The type and morphology of 
the oxide layer formed as a consequence of surface pre-treatment is also said to be a 
significant contributor to adhesive bond strength. 
 
 
Chapter 2: Use of silicon carbide and aluminium oxide in the surface pre-treatment of metals 
83 
 
Table 2.12.  Results of bond strength measurements on stainless steel 316L sample grit 
blasted at 60 psi.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.24. Graph of bond strength vs. surface preparation for test sample pre-treated 
with Al2O3 grit.   
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Serial 
number, 
S/N 
Grit type/surface finish Grit size Bond strength / kg 
1 Al2O3 30/40 29.0 
2 Al2O3 30/40 32.0 
3 Al2O3 30/40 30.0 
4 Al2O3 30/40 29.2 
5 Al2O3 30/40 27.8 
6 Al2O3 30/40 32.7 
7 SiC 46 42.0 
8 SiC 46 38 
9 SiC 46 36.0 
10 Machine ground   25.5 
11 Machine ground   24.2 
12 Machine ground   22.1 
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Figure 2.25. Graph of bond strength vs. surface preparation for test sample pre-treated 
with SiC grit.   
 
 
 
Figure 2.26. Graph of bond strength vs. surface preparation for non grit blasted test 
samples.   
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2.6 Conclusions  
The work in this chapter has determined the roughness values and parameter when 
different grit materials (Al2O3 and SiC grits) are used for surface preparation of the 
stainless steel 316L, bronze CW451K and titanium Ti6Al4V alloys. On stainless steel 
316L substrates, grade 30/40 brown angular Al2O3 grit was found to produce Ra values 
of between 3.0 – 4.0 µm and a roughness number of N8, grade 36 SiC and Al2O3 grits 
also generated similar Ra values of 3.0 – 4.0 µm and a roughness number of N8. Grade 
46 angular SiC grit produced an Ra of 2.0 – 2.5 µm and a roughness number of N7 
(Figure 2.4). 
 
Roughness measurements have clearly confirmed that large abrasive particle sizes 
produce rougher surfaces than small abrasive particle sizes. Al2O3 grit with an average 
particle size of 624/438 µm (30/40 mesh size) generates Ra values of 3.0 – 4.0 µm 
whereas SiC grit with an average particle size of 370 µm generates Ra values of 2.0 – 
2.5 µm. Al2O3 and SiC grits both of mesh size 36 (525 µm) were found to generate Ra 
values of 4.0 µm irrespective of grit material type. The effect of a change in grit size 
resulted in about 35 – 40 % change in Ra values. This marked effect can be explained by 
a grit particle of larger size and mass creating greater kinetic energy for impact with the 
surface than one of smaller size and mass. When Al2O3 and SiC grits of the same 
average particle size (525 µm) were used for surface preparation of stainless steel 316L, 
an Ra of ca. 4.0 µm was produced irrespective of grit type or material.  This result 
further emphasises the dominant effect of abrasive particle size in determining the 
surface profile of grit blasted metal substrates as shown by the significant reduction in 
Ra values recorded when the abrasive media size was reduced.  
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The relative cleanliness of surfaces generated by using these grit materials for surface 
preparation was also observed. Abrasive blast cleaning using Al2O3 or SiC grit was 
found to be characterised by grit particle embedment and/or contamination of the 
surface, as confirmed by x-ray analysis. However, SiC was found to produce relatively 
‘cleaner’ surfaces than Al2O3 grit. The former had lesser amounts of surface 
contaminants compared to the latter. A possible explanation to this is that SiC grit being 
slightly harder (mohr 10) than Al2O3 grit (morh 9), has a lower grit media friability or 
breakdown rate than the latter hence is not easily broken into the surface on impact. The 
angular shape of the Al2O3 grit particle used was also considered to be a possible cause 
of grit embedment, as suggested by Shipway et al., who concluded that grit particles 
that can penetrate deeper into the metal surface have a higher tendency to embed into 
the surface [32]. The breakdown of grit material following grit blasting has been 
observed by Chander et al., and is attributed to collision with the substrate surface and 
other grit material during surface preparation [33]. Decreasing the abrasive particle size 
can dramatically increase the cleaning rate due to an increase in the number of particle 
impact per unit area [8,10]; this could also be a possibility.  
 
Grit blasting at different pressures, subjecting the grit blasted surface to a stream of 
compressed air or washing the grit blasted surface in acetone were found to have 
minimal effect on the amount of grit embedment and/or contaminants found on the 
surface.  
 
The relative amount of grit particle embedment found on the surface was also observed 
to vary with metal substrate with stainless steel 316L having a greater amount of surface 
embedment while titanium alloy had the least. 
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Though grit blasting pressures, type of metal substrate and abrasive media are 
contributing factors to the surface finish obtained during abrasive blasting, it was 
observed that the abrasive particle size had the most pronounced effect on surface 
roughness and that larger grit particles produced rougher surfaces than smaller grit 
particles. Similar observations have been recorded by Harris and Beevers [2], who 
examined the effect of grit blasting on surface adhesion properties, they observed that 
Ra values varied according grit size and metal substrate. Finer grit particles produced 
smother surfaces while aluminium surfaces produced rougher surfaces than mild steel (a 
harder metal) when treated with grit of same particle size. Similarly, Mohammadi et al., 
varied the grit blasting parameters whilst pre-treating Ti6Al4V and observed an increase 
in roughness with an increase in grit size and/or pressure [3]. 
 
Comparative bond strength tests carried out between as-received, machined finish 
surfaces and surfaces that have been grit blasted using Al2O3 and SiC grits, clearly 
showed that grit blasting enhanced the adhesive bond strength of polymer-to-metal 
interfaces. SiC grit of 46 mesh size provided a better combination of surface cleanliness 
and roughness required to produce optimum adhesive bond strength. The increase in 
adhesive bond strength in grit blasted samples was thought to be due to mechanical 
interlocking of the polymer into surface irregularities of the metal and/or due to an 
increased interfacial area available for chemical bonding. The enhanced adhesion in SiC 
pre-treated test samples was attributed to the lower amount of surface contaminants and 
grit embedment present on the surface compared to Al2O3 treated samples. These results 
were consistent with the work of Griffiths et al., who found that grit embedment caused 
a reduction in the adhesion of plasma coating on steel and a subsequent increase in 
adhesion observed when the embedded grit particles were removed [1]. The type and 
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morphology of the oxide layer formed as a consequence of surface pre-treatment by grit 
blasting could also be a contributory factor to increased bond strength values. The role 
of oxide layer morphology on the durability of polymer-to-metal bonds has been 
reviewed by Venables [34].    
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CHAPTER 3 
Cathodic delamination tests of polymer-to-metal 
composites 
 
3.1 Introduction 
Metal cable connector assemblies (Figure 3.1) find wide application in harsh 
marine/offshore environments. They are used as power transmission, fibre optic and 
telecommunication cables, and they are also found on ROVs, underwater surveillance 
and submarine sonar systems [1,2]. 
 
Prior to the sealing of marine cable connector assemblies during their manufacture, the 
surface of the metal connector back-shell is prepared, primed with a coating and then 
over-moulded with a polymer, such as a castable PU [3]. The delamination of the 
polymeric over-mould (primer coating and/or PU) from the metal connector back-shell 
(Figure 3.2) is a common failure mechanism encountered in marine cable connector 
assemblies [1,2]. 
 
 
Figure 3.1. A typical moulded cable connector assembly. 
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(a)                                                            (b)  
Figure 3.2. Photographs of metal cable connector assemblies showing (a) regions of 
adhesion failure at the metal/primer/PU interface suspected to be due to cathodic 
delamination; and (b) mechanical examination of delaminated cable assemblies. 
 
This type of failure is attributed to a phenomenon called cathodic delamination, a 
process that is prevalent in cable connectors assemblies used in marine environments 
and particularly where corrosion protection of metal by protective coatings and either 
sacrificial or impressed current cathodic protection is employed [1,2]. The causes and 
the reaction mechanisms involved in cathodic delamination have been discussed in 
detail in Chapter 1.  
 
Since elevated pH at the metal-to-polymer interface, resulting from the production of 
hydroxyl ions, is thought to be the major cause of cathodic delamination [1,2,4-11], the 
use of alkali-resistant coatings/primers is widely seen as one of the methods for 
preventing this type of failures [12]. The ability of the design engineer to select metal 
and polymer materials that can resist deterioration due to cathodic delamination as well 
as degradation by other mechanisms is of critical importance to the cable connector 
assembly industry. Given new legislation requiring registration, evaluation, 
authorisation and restriction of chemicals (REACH) that further restricts the use of 
certain chemicals and hazardous substances in the production and use of polymeric 
materials, the polymer industry has experienced a surge in the production of new and 
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environmentally friendly materials [13,14]. Engineers must now ensure that new 
materials do not compromise either the performance, or the safety of these products. In 
this effort, designers and users of protective coatings and other polymeric materials are 
usually faced with unresolved fundamental and practical issues regarding, for example: 
(i) the type of data, (ii) test methods, (iii) measurements and (iv) standard procedures 
required for making assessments on performance and safety [14]. 
 
Until about 3 decades ago, the formulations for most protective coatings were relatively 
stable, having well-established performance histories. New coatings were evaluated 
simply by comparing the field performance of an established material with that of a new 
one [14]. Recent rapid changes in coating formulations, chemistries and technologies 
have made this method impracticable because, unlike older, existing materials, new 
polymeric and composite materials do not have well-established performance histories 
that can be used for making durability comparisons and service life predictions [13,14].  
 
Service life predictions that are based on long-term material performance histories have 
now become increasingly unpopular and unfeasible due to the long periods of exposure 
time required to acquire such data. Existing alternatives, i.e., short-term laboratory tests 
on the other hand are often unreliable and viewed with suspicion. For these reasons, 
requirement for a reliable service life prediction methodology has remained a 
continuing issue [13,14]. 
 
Data required for performance and service life-time predictions of new polymeric 
materials can be sourced from three major areas of studies: (i) fundamental mechanistic 
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studies; (ii) laboratory-accelerated ageing studies; and (iii) outdoor exposure studies 
[13]. 
 
The outdoor exposure tests are almost always viewed as a de facto standard 
performance test against which the other approaches must be compared to establish their 
viability [15]. However, although outdoor exposure tests have played an important role 
in assessing the performance of polymeric materials and are viewed as the ‘‘real-time 
test’’, it is argued that these tests, which are carried out under natural weather 
conditions, are neither repeatable nor reproducible and hence must be used with caution. 
In particular, the variability of weather conditions over the testing periods, often several 
years, has been of great concern. [15]. The relationship between laboratory accelerated 
and outdoor exposure tests has remained an area of research interest [16,17]. Deflorian 
et al. compared degradation rates for samples exposed in a salt spray chamber with 
those for identical samples exposed in the natural outdoor environment and reported a 
positive correlation between the data obtained in these respective tests [17].  
 
Data generated from any and all of the aforementioned three different approaches are 
invaluable for determining the degradation resistance of polymeric materials and in 
estimating service life, and the mutual dependence of acquired knowledge and data 
from these sources cannot be overemphasised [13]. Figure 3.3 illustrates the 
interdependence of the various sources of data and acquired knowledge.  
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Figure 3.3. Schematic showing the interdependence of primary sources of quantitative 
service-life prediction data and knowledge [13]. 
 
Outdoor exposure trials and laboratory accelerated tests are influenced by primary 
environmental and secondary procedural variables, respectively [16]. The former 
includes light, temperature and moisture, whilst the latter comprises variables 
introduced as a result of test specimen replication, exposure time/cycle, test 
specimen/rack mounting and/or positioning, ambient laboratory conditions and human 
factors or skills [16,18]. One or more of the three primary environmental variables 
generally plays an important role in the material degradation and must be included in a 
description of the test specimen’s actual service environment [16]. 
 
3.1.1 Field or outdoor exposure test trials  
Outdoor exposure test trials, also called field trials, are carried out under conditions 
aimed to be the exact equivalent of the actual end use environment of the finished 
product [15,16]. As mentioned above, field tests are usually considered as the ‘‘primary 
test’’ against which all laboratory tests must be compared [15,16]. Viewed as a standard 
to predict performance, field exposure tests should ideally be repeatable and 
reproducible. However, a critical evaluation of this premise found that it was refuted by 
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extensive data with little or no data to support it [15]. It was observed that for nominally 
identical samples, exposed on contiguous years at the same exposure site, the time 
intervals required to reach a defined level of degradation could differ by as much as a 
factor of 10 [15]. A primary reason is that natural weather conditions are subject to 
variability; test samples exposed to these conditions are subject to a constantly changing 
environment [15,16]. 
 
Outdoor weathering of polymeric materials is a complex phenomenon that involves 
processing, production, test design, exposure, evaluations and analysis [16]. Their study 
has evolved from low-technology exposure and material ranking methods to complex 
mathematical and statistical models involving computer-integrated knowledge systems 
[13,16]. Although the scientific validity of the use of field exposure tests as a de facto 
standard for accelerated laboratory testing has been questioned, the method remains the 
most widely applied and accepted method in new material testing and validation.  
 
3.1.2 Laboratory or indoor accelerated testing 
Indoor accelerated tests are short-term laboratory tests aimed at causing degradation and 
failure to occur faster than would normally occur in an actual service environment [1]. 
These tests are also commonly used to study mechanisms of failure and to provide 
useful data for making service-life predictions of the material(s) being tested [19,20]. A 
standard laboratory accelerated testing technique for metals and coated metallic 
components is the salt spray test, describe in Section 3.1.2.1. [21]. Data from this 
accelerated test are usually compared to data obtained from testing identical samples in 
actual long-term field exposure tests [21,22]. Although the salt spray test has been used 
for years to test the resistance of coated metals to corrosion, the results, when used 
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independently of other data, seldom correlate well to real-life product performance. 
Other, often proprietary, laboratory accelerated testing methods exist in the electrical, 
medical, aeronautics and nuclear industries, e.g., ultraviolet and thermal cycling tests, 
but none of these can reliably be used for performance prediction as a stand-alone 
source of data [13].   
 
3.1.2.1 Salt spray test 
In a salt spray test, samples are exposed to a highly corrosive environment in a standard 
test cabinet (Figure 3.4), using a testing standard or procedure. The ASTM B 117 
standard for salt spray (fog) testing is the oldest and most generally used accelerated 
laboratory corrosion test method for metals and coatings [21,22]. The standard dates 
back to the early 1900s and has over the years been repeatedly revised. In particular, 
different versions of the standard specify varying percentage salt compositions, which 
may vary between 3.5 and 20 % depending on the purpose of the test. For example, 
ASTM B 287 and ASTM B 368 describe methods of acetic acid-salt (fog) and copper-
accelerated acetic acid-salt testing, respectively [21]. To deter users from making direct 
correlations between data generated by the salt spray test with actual service 
performance, the 1985 review of the standard modified the scope to explicitly state: “it 
should be noted there is usually not a direct relationship between salt spray (fog) 
resistance and resistance to corrosion in other media, because the chemistry of reaction, 
including the formation of film and their protective value, frequently varies greatly with 
the precise conditions encountered” [21,22]. The use of the salt spray test data as a 
stand-alone source of data for making life-time predictions is erroneous and should be 
strongly discouraged.  
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Deflorian et al. exposed a polyester coil coating to natural outdoor weathering 
conditions using selected environmental parameters that affected coating properties and 
compared identical samples to exposure in selected indoor artificial accelerated tests 
[17]. They found comparable degradation data between samples exposed in a salt spray 
chamber and samples exposed in a natural outdoor exposure test [17]. A schematic of a 
typical salt spray cabinet is shown in Figure 3.4; however, a wide range of 
commercially available salt spray cabinets or different designs exists. 
 
 
Figure 3.4. Schematic of a typical salt spray unit. 
 
3.1.3 Aims  
This work is aimed at revealing and understanding the fundamental processes involved 
in cathodic delamination failures in marine cable connector assemblies. Coating 
delamination will be induced on an accelerated timescale, using a salt spray cabinet, and 
the results will be compared with failures induced/observed in real-time, ambient 
exposure testing carried out in flowing seawater tanks and on an exposure raft in 
Langstone Harbour, Portsmouth. Reliable and representative experimental data on the 
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failure mode(s) in these tests will collected to establish the dominant failure 
pattern/mechanism(s) that will then be used in the design of a specific accelerated life-
test regime for marine cable connector assemblies. 
 
Salt spray and outdoor exposure testing will be carried out on selected metal/primer/PU 
combinations used in the manufacture of marine cable connector assemblies. These will 
provide data on their performance and resistance to cathodic delamination. The specific 
aims are: (i) to replicate failure by cathodic delamination as experienced in actual 
service conditions; (ii) to provide a basis to understand and/or deduce the dominant 
failure mechanism(s) for cathodic delamination in these systems; (iii) to evaluate the 
extent to which results from accelerated tests can be correlated with carried out on 
selected samples using the salt spray cabinet with longer term exposure of identical 
samples on an exposure raft located in Langstone Harbour and in flowing seawater 
tanks at the Institute of Marine Sciences, Eastney (IMS), Portsmouth; (iv) to  determine  
the comparative degradation resistance of the two selected primers to cathodic 
delamination prone environments; and (iv) to select the most appropriate test conditions 
for the design of an accelerated testing regime and recommend a testing protocol for the 
life-time prediction of cable connector assembly materials prone to cathodic 
delamination failures.  
 
3.2 Experimental  
Three parallel studies were initiated in the exposure trials. Two of these were outdoor, 
long-term trials consisting of test sample exposure in a tank with flowing natural 
seawater from Langstone Harbour and nominally identical test sample exposed on a sea 
raft located in Langstone Harbour. The third study was a laboratory-accelerated test of 
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nominally identical samples using the salt spray cabinet. The first two tests were 
designed to simulate failure as experienced in actual service condition and the third to 
accelerate such failure(s) whilst under elevated stress conditions.  
 
3.2.1 Materials  
Metal substrates used for these experiments were stainless steel 316L, bronze CW 451K 
and titanium Ti6Al4V (Aaron Metals and Plastic Suppliers Ltd., Bristol, UK). Al2O3 
and SiC grits were used for surface preparation (Vixen, Stockton-on-Tees, UK and 
Guyson International Ltd., North Yorkshire, UK, respectively). Two different primers 
were used: PR24 (Lords Corporation Ltd., Manchester, UK) or PR91 (DOW Hyperlast, 
Derbyshire, UK) and followed by a castable PU material (EMC80A; DOW Hyperlast, 
Derbyshire, UK). A full materials specification has previously been given in Chapter 2.  
 
3.2.2 Equipment  
The grit-blasting equipment employed was a Vixen Jet air VM42 blast cabinet (Vixen, 
Stockton on Tees, UK). Surface preparation of metal substrates, priming and test sample 
moulding using ejection moulding (Unipre G31, Unipre GmbH, Werl, Germany) were 
carried out according to standard procedures (PDM/STD/3009: PDM Neptec Ltd., 
Alton UK). XRD analysis of corrosion products was carried out using XRD PW1729 x-
ray generator 2θ (Philips, Cambridge, UK).  
 
Periodic metal to polymer bond strength testing of exposed samples was carried out 
using a 20 kg Super Samson spring balance (Salter Brecknell, Melbourne Australia).  
Failed samples were examined using a Jeol digital analytical scanning electron 
microscope JSM-6100, fitted with EDS to determine the elemental compositions of 
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failure surfaces. Acquisition of SEM images was carried out using a voltage range of 20 
– 25 kV and a current of 90 – 100 mA on a tungsten filament cathode. Prior to imaging, 
the failed metal surfaces were washed in distilled water and any debris/organic materials 
were removed by a stream of clean, dry compressed air. Samples were then mounted on 
sample holders using plastic conductive carbon cement and placed in the SEM 
specimen chamber. After SEM imaging, surface elemental analysis using EDS on the 
same equipment, was carried out.    
 
3.2.3 Methodology    
3.2.3.1 Test sample preparation  
The metal substrates had a thickness of 3 mm and were received with a machine-ground 
surface finish. They were cut into 100 mm × 25 mm test pieces, and a 6 mm diameter 
hole was drilled into one end of each test plate for sample attachment (Figure 3.5). The 
plates were then grit-blasted using Al2O3 or SiC grit (as described in Chapter 2). The 
grit blasted surfaces of the metal test samples were primed with either of the two 
different metal primers (PR24 and PR91), allowed to dry and then over-moulded with 
castable PU in permanent open-fill polyurethane moulds (Figure 3.6). Prior to 
moulding, ca. 10 mm of the drilled end of the coated metal strips were masked with 
adhesive tape (Figure 3.6(a) red arrows) to create an unbounded free end for sample 
attachment in testing rigs and during bond adhesion testing following exposure.  
 
 
Figure 3.5. Schematic of a metal substrate test piece used for test sample preparation. 
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(a)                                                              (b)  
 
 
 
 
                               (a)                                                                  (b) 
Figure 3.6. Grit blasted and primed metal samples placed in PU moulds (a) showing 
masked area (red arrows) prior to moulding and (b) after moulding with castable PU 
plastic.  
 
Priming of the grit blasted metal surfaces was carried out using hand brush application 
whilst moulding was performed by an ejection moulding technique in an open-fill 
permanent mould (Figure 3.6(b)). All sample preparation procedures were carried out 
according to standard specification (PDM Neptec Ltd., Alton UK) standards and 
procedures [3]. The moulded test samples were allowed to cure for 24 h in the moulds 
prior to removal. The edges of the samples were then ground using a belt grinding 
machine to remove excess PU material and to reveal the polymer-to-metal bond-line 
around the edges of the moulded sample. The polymer-to- metal bond-line is the visible 
edge of the sample, which itself is a sandwich of the primer coat between the metal and 
the castable PU (Figures 3.7 and 3.8, respectively). This region also served as the defect 
or point of contact between the interface and the electrolyte during exposure and was 
also used to marking and measuring the bonded and unbonded areas of the samples (see 
Section 3.3). Schematics of the different metal/primer/PU material combinations used 
for test sample preparation are shown in Figures 3.8 for the three metal substrates and 
two primer systems used, while actual moulded samples are depicted in Figure 3.9. 
Selected samples were manufactured and tested without exposing the polymer-to-metal 
bond-line as described above (Figure 3.9(a).  
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Figure 3.7. Schematic of a test sample comprising of metal/primer/PU composite.  
 
 
 
 
 
 
 
 
 
 
 
        
 
 
 
 
 
Figure 3.8. Schematic showing different metal/primer/PU combinations used for test 
sample manufacture.   
 
 
 
                                                                   
                           
(a)                                                                   (b) 
Figure 3.9. Photographs of moulded metal/primer/PU composite test samples showing 
(a) revealed and (b) non-revealed polymer-to-metal bond-line after preparation. 
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3.2.3.2 Test rig design 
The test rig was designed to allow the moulded test samples to be subjected to electrical 
stresses by attaching them to a carbon steel metal frame such that the samples either had 
direct electrical connection to the frame or were electrically isolated from it. Connected 
samples were attached using steel nuts and bolts whilst isolated samples were attached 
using isolation sleeves and washers, as shown in Figure 3.10. The carbon steel frame 
was cathodically protected using zinc anodes, hence simulating actual service 
environments thought to be favourable to cathodic delamination failures in cable 
connector assemblies. These two sample attachment configurations were introduced into 
the test design to simulate the galvanic coupling effect observed when dissimilar metals 
are connected. They also served to establish whether or not this had an effect on the rate 
of cathodic delamination failure in cable connector assemblies. Schematics of isolated 
and connected test sample configurations are shown in Figure 3.10 and photographs of 
rig-up samples are depicted in Figure 3.11. Electrically conducting wires were also 
attached to selected test samples using crimp-on terminals which were connected to the 
samples (Figure 3.12). The other ends of the wires were terminated using banana-plugs 
which were used to connect the voltmeter test equipment for measuring open and closed 
circuit potentials on the test samples whilst being exposed in the same environment.  
 
               
 
Figure 3.10. Schematics of exposure test samples showing (a) connected and (b)  
isolated test sample configurations [23]. 
Metal 
           PU  
                  PU  
Metal Carbon steel 
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Isolation washer 
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(a)                                                                (b)  
 
Figure 3.11. Moulded samples attached to the carbon steel frame in (a) connected and 
(b) isolated test sample configurations.  
 
 
 
Figure 3.12. Moulded samples connected to the carbon steel beam with crimp-on 
conducting wires attached for measuring set potentials. 
 
 
The carbon steel beam with attached test samples (Figure 3.12) was attached to a 686 × 
600 mm carbon steel frame (Figures 3.13), cathodically protected with 68 cm3 zinc 
anodes. Three identical frames were manufactured and the assemblies were exposed in a 
salt spray cabinet, exposure tank and sea exposure raft, respectively. Photographs of a 
rigged-up test frame ready for exposure testing are shown in Figure 3.14.  
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Figure 3.13. Schematic of a rigged-up test frame assembly showing test samples 
attached to a carbon steel frame and zinc anodes [23]. 
 
 
   
  
     
  
   
                           (a)                                                       (b)  
 
Figure 3.14. Photographs showing (a) moulded samples attached to the frame with zinc 
anode and (b) a rigged-up frame with attached samples ready for exposure. 
 
 
3.2.3.3 Flowing sea water exposure tank testing  
The flowing sea water tank exposure test was carried out in open-air flowing seawater 
GRP tanks (210 × 110 × 60 cm deep) located outdoors at IMS, Portsmouth.  The 
exposure tanks were continuously fed with flowing seawater supplied from Langstone 
Harbour via an overhead tank connected to an open tidal zone of the harbour. The 
rigged-up test frames were vertically immersed into the tank by suspending the frames 
on two horizontal beams such that all samples were fully immersed in natural flowing 
seawater conditions for the duration of test (Figure 3.15). 
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Exposure tank conditions, such as pH, oxidation and reduction potentials, dissolved 
oxygen, salinity and temperature, were measured during the entire testing period using 
the YSI 5200 environmental recirculation system monitor, whilst potential monitoring 
(vs. Ag/AgCl RE) was carried out on selected test samples using high resistance 
voltmeters. Average Langstone Harbour monthly seawater test temperature conditions 
over a period of 6 years are shown in Table 3.1. 
 
 
 
 
 
 
Figure 3.15. Photograph of a test frame in an exposure tank at IMS, Portsmouth.  
 
Table 3.1. Langstone Harbour average monthly seawater test temperature conditions 
over a period of 6 years measured by IMS Portsmouth.  
 
2000-2006 
Month Monthly Average 
Temperature / ° C 
Jan 7.0 
Feb 7.0 
Mar 7.7 
Apr 10.6 
May 13.7 
Jun 17.5 
Jul 19.2 
Aug 19.2 
Sep 17.5 
Oct 14.3 
Nov 11.1 
Dec 8.6 
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Test frames were monitored at 14 days intervals for the first few weeks, after which, 
they were then inspected on a monthly basis. Delamination of the primer and/or PU 
from the metal surface was measured using a spring balance (Figure 3.16(a)) by 
applying a continuous pull load of 80 N for ca. 5 s from the un-bonded end of the test 
sample (Figure 3.16(b)). Delamination failure was recorded as a percentage of the total 
bonded area of the polymer to the metal. Physical examination of the failed surfaces of 
test samples was also carried out and SEM analysis conducted (see Section 3.3.4) 
 
       
       (a)                                                    (b) 
 
Figure 3.16. Photographs showing (a) the spring balance used for bond testing, and (b) 
the bond testing of PR24 test samples. 
 
3.2.3.4 Sea raft exposure testing 
The sea raft used for exposure testing is located in Langstone Harbour, an inlet of the 
English Chanel on the South East coast of Hampshire, UK. The raft is positioned 
approximately 1 km from the shore and in a seawater depth of about 6 m. It is a 
permanently moored raft and has a grid reference 50°48'.36N, 001°01'.25W that offers a 
central seawater access for immersion trials in a fully natural marine environment with 
mudflats (Figure 3.17).   
 
Initial sea raft immersion trials on test frames were carried out for 491 days (one year 
and four months). The test frame was vertically suspended on metal beams at a depth of 
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about 10 to 60 cm below sea water levels at low tides (Figure 3.18). Seawater 
conditions, temperature, dissolved oxygen and salinity were measured twice weekly 
using the YSI environmental re-circulating system monitor for the duration of the test. 
The test samples were periodically examined and tested for delamination failures using 
a spring balance (Section 3.6.2). 
 
Southsea 
Langston Harbour 
Gosport 
Portsmouth  
Eastney 
Sea Raft 
Portsmouth Harbour  
IMS Laboratory  
Hayling 
Island  
Havant  
Hilsea 
Cosham 
Watelooville  
English Channel  
 
 
Figure 3.17. Map of surrounding Portsmouth area showing the location of the sea raft 
used for exposure tests. 
 
 
 
 
 
Figure 3.18. Photograph of the test sample frame immersed in seawater and suspended 
on beams on the exposure sea raft at Langstone Harbour.   
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3.2.3.5 Salt spray exposure testing  
The salt spray equipment used for neutral salt spray testing was the Gallenkamp 
Industrial SSC1000/E (Weiss Gallenkamp Ltd., Loughborough, UK).  Test samples 
were tested according salt spray specification ASTM B117 [22], using a fog mist from 
NaCl (3.5 w/v %) to mimic artificial seawater salinity of 3.5 %. A continuous spray 
cycle testing was employed at 35 °C and 95 – 98 % relative humidity for a period of 4 
months. The equipment was only switched off for short intermittent durations to 
replenish the salt solution reservoir, humidity moisture tank and to examine the test 
samples for signs of delamination failure. The salt spray equipment and test frame in the 
test chamber of the cabinet are shown in Figures 3.19(a) and (b), respectively.   
 
           
 
                               (a)                                                               (b) 
                                                      
Figure 3.19. Photographs showing (a) the salt spray cabinet and (b) test frame in the 
test chamber of the salt spray cabinet.  
 
3.3 Results and discussion  
Each test sample had a total metal-to-polymer bonded area of ca. 2000 mm2 prior to 
exposure and the interface could withstand a load of 80 N applied with a spring balance 
without separation. Unexposed test samples having met this criterion were considered to 
possess 100 % bond resistance and failure was measured as a percentage reduction in 
the original bonded area as a function of time measured from the front end of the 
delamination front of the test sample. The relative percentage reduction in bonded area 
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due to delamination was measured using the standard surface area of the test samples 
(Equation 3.1; Figure 3.20).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.20. Schematic of test sample bond area and relative percentage failure 
measurement criterion.   
 
3.3.1 Flowing sea water tank 
Exposure testing of identical frames in a flowing sea water tank was carried out over a 
period of 3 years, commencing January 2007. As described in section 3.2.3.1, two 
primers (PR24 and PR91) and three metal substrates (stainless steel (316L), Bronze 
(CW451K) and Titanium (Ti6Al4V)) were investigated.  A summary of the time taken 
to achieve 100 % separation of primers and/or PU from the metal surfaces (time-to-
failure) for individual test samples under the application of 80 N (spring balance) in 
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immersion is given in Table 3.2. Table 3.3 provides values of measured exposure test 
potentials (vs. Ag/AgCl) for the different metals and test sample configuration.     
 
Table 3.2. Summary of time-to-failure of tank exposed test samples.  
 
Table 3.3. Test sample potentials / mV vs. Ag/AgCl measured in flowing seawater tank  
 
3.3.1.1 Primer PR24 coated samples tested using ‘‘connected’’ test configuration  
All test samples coated with PR24 primer and tested using the ‘‘connected’’ test sample 
configuration (Section 3.2.3.2) experienced 100 % failure or 0 % bond resistance within 
4 months of the immersion test in the flowing seawater exposure tank. This result was 
irrespective of metal substrate (Table 3.2 and Figures 3.22 – 3.24). The primer (PR24) 
Primer type/sample 
configuration 
PR 24-Connected 
to test frame 
PR24-Isolated 
from test frame 
PR91-Connected 
to test frame 
PR91-Isolated 
from frame 
Time-to-Failure / months 
Metal type     
Stainless steel 
(316L) 
3 5 – 6 6 12 – 36 
Bronze 
(CW451 K) 
4 4.5 – 5.5 6 12 – 24 
Titanium 
(Ti6Al4V). 
4 4.5 7 – 8 24 – 36 
 
PR24 – Connected to frame PR24 –Isolated from frame  PR91- Connected to frame  PR91-Isolated from frame  
Duration/ 
days 
Stainless 
steel 
316L 
 
Bronze 
CW451K 
 
TitaniumT
I6Al4V 
 
Stainless 
steel 
316L 
 
Bronze 
CW451K 
 
Titanium 
Ti6Al4V 
 
Stainless 
steel 
316L 
Bronze 
CW451K 
 
Titanium 
Ti6Al4V 
 
Stainless 
steel 
316L 
 
Bronze 
CW451K 
 
Titanium 
Ti6Al4V 
 
 
Potential / mV vs. Ag /AgCl   
1 
-559 -560 -561 -195 -227 -195 -560 -560 -561 -280 -230 -206 
2 
-599 -600 -600 -196 -226 -178 -606 -607 -607 -212 -230 -201 
3 
-701 -701 -701 -118 -220 -169.8 -700 -699 -698 -141 -218 -169 
4 
-708 -709 -709 -58 -200 -54 -710 -710 -710 -82 -212 -109 
5 – 14 
-714 -714 -714 -38 -175 -58 -715 -715 -715 -96 -185 -100 
15 – 30 
-711 -711 -710 +2.5 -140.8 -87 -712 -711 -712 -117 -163.3 -119 
30 – 60 
-860 -860 -860 +42  -786 +31 -859 -858 -859 -805 -234 -677 
60 – 90 
-853 -853 -853 -97 -774 +24 -853 -852 -852 -806 -234 -803 
90 – 365 
   
-103 
    
-742 -638 -174 -570 
                                                Chapter 3: Cathodic delamination tests of polymer-to-metal composites  
 
115 
 
and/or PU over-mould completely delaminated from the surfaces of stainless steel 316L 
samples within 3 months of exposure (Figure 3.22) and within 4 months for bronze and 
titanium alloys (Figures 3.22 red line).    
 
All samples tested using the ‘‘connected’’ test sample configuration, i.e., by electrically 
connecting the test samples to a carbon steel beam, were found to possess potentials 
which were at the onset about -560 ± 2 mV vs. Ag/AgCl. These potentials shifted to 
more negative values of -860 ± 2 mV vs. Ag/AgCl within a month and remained at 
these values over a period of 3 months. These potential trends were the same 
irrespective of metal substrate or primer used (Table 3.3). This trend of potential 
distribution could have been attributed to the galvanic coupling effect resulting from 
electrically connecting the test samples to the carbon steel frame (Section 3.2.3.2). The 
latter being anodic to the former will have altered its open circuit potential in the 
negative direction and would be corroded preferentially when electrically connected in 
seawater. A list of the metal substrates used, arranged in order of their nobility to carbon 
steel, is given in Table 3.4. The measured values of open circuit potentials of the metal 
substrates in seawater are given in Table 3.5. Potentials were generally observed to shift 
from negative to more positive values (Table 3.5). The potentials of the galvanic couple 
between stainless steel 316L and bronze (CW451K) were observed to be identical to the 
open circuit potentials of bronze (CW451K) vs.  Ag/AgCl (Table 3.5). Although the 
later is cathodic to the former, it was observed to have corroded when galvanically 
coupled. The reason for this could not be established but may be due to the variability 
the potential of stainless steel 316L in seawater.  
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Following exposure, the underside of all samples tested using ‘‘connected’’ test 
configuration were observed to have been covered with a deposit of a grey encrustment. 
This was found by x-ray diffraction to be CaCO3, likely to be precipitated from sea 
water due to high pH at the metal surface. The precipitation of CaCO3 on cathodically 
polarised metal surfaces is well established [24,25]. The surface of the carbon steel 
beam on which the test samples were attached was covered with a layer of a brown 
deposit which was identified by x-ray diffraction to consist of goethite (α FeO(OH) and 
lepidocrocite (γ FeO(OH) (Figure 3.21). These are both corrosion products of iron.  
 
 
Figure 3.21. X-ray diffraction patterns of the brown deposit found on the carbon steel 
beam showing diffraction patterns of two forms of iron hydroxide; goethite (αFeO(OH)  
and lepidocrocite (γ FeO(OH). 
 
From the graphs of immersion resistance (% bond resistance vs. immersion time), 
stainless steel 316L test samples that were coated with the PR24 primer and connected 
to the carbon steel beam showed the least bond resistance with a reduction from 100 – 0 
% in the first 3 months of immersion (Figure 3.22 green line). Identical bronze and 
titanium test samples all showed 100 % and 75 % bond resistance respectively, in the 
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first 3 months, (Figures 3.22 red line) with bond resistance reduced from 50 to 0 % in 
the fourth month of exposure. 
 
 
 
Figure 3.22. Bond resistance vs. time for stainless 316L test samples (S17 and S18; 
green colour) coated with primer PR24 and exposed to -850 ± 3 mV vs.  Ag/AgCl 
(connected), showing 100 – 0 % bond resistance after 3 months of immersion and for 
bronze (CW451K) and titanium (Ti6Al4V) test samples (B17, B18 and T17 and T19, 
respectively) coated with primer PR24 and exposed to -850 ± 3 mV vs. Ag/AgCl 
showing decreased bond resistance from 100 to 75 % in the first 3 months and 50 – 0 % 
within the 4th month of exposure.   
 
Table 3.4. Metal substrates used arranged in order of their nobility in seawater. 
 
Metal substrates  
Anodic 
(Least 
noble) 
 
 
 
Cathodic 
(Most noble) 
Carbon steel 
Stainless Steel (316L) 
Bronze (CW451K) 
Titanium (Ti-6Al-4V) 
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Table 3.5. Measured values of open circuit potential of metal substrates in seawater.   
 
 
Stainless steel 
(316L) 
Bronze 
(CW451K) 
Titanium 
(Ti6Al4V) 
Stainless 
steel 316L 
connected 
to Bronze 
(CW451K) 
Duration in 
immersion / 
days 
Potentials / mV vs. Ag/AgCl 
 
1 
-179.40 -242.10 -156.90 -240.50 
`5 -106.20 -237.70 -108.90 -223.40 
 
11 
-22.70 -220.90 -85.10 175.50 
 
14 
+28.00 -188.00 -49.90 -166.20 
 
20 
+39.50 -159.50 -90.20 -161.20 
 
32 
-132.00 -136.50 +16.70 -141.50 
 
33 
-109.40 -136.00 +22.70 -185.50 
 
60 
-53.70 -147.1 -57.60 -113.7 
 
90 
+122.7 -140.8 +39.80 -104.5 
 
 
3.3.1.2 Primer PR24 coated samples tested using ‘‘isolated’’ test configuration  
Samples tested using the ‘‘isolated’’ test sample configuration, i.e., by electrically 
isolating the test samples from the carbon steel frame (Section 3.2.3.2),  were found to 
have open circuit potentials in seawater that were initially negative values (vs. 
Ag/AgCl) before  shifting to more positive values during the first 30 days of 
measurement (Table 3.3).  During this period, potentials fluctuated from -280 to +42 
mV vs. Ag/AgCl in stainless steel 316L samples, -230 to -140 mV in bronze and -206 to 
-87 mV vs. Ag/AgCl in titanium test samples. After 1 month of exposure, these 
potentials shifted to values more negative than -500 mV vs. Ag/AgCl in some test 
samples. This negative shift was found to be related to an accumulation of corrosion 
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products between the underside of the test sample and the carbon steel beam, which 
caused an electrical connection between them (Figure 3.23(b)).  
 
     
                             (a)                                                                    (b) 
 
Figure 3.23. Isolated test samples showing sample (a) before and (b) after the 
accumulation of corrosion products between the carbon steel beam and the test sample 
underside (white arrow).  
 
 
A visual examination of the failed metal interface of the test sample, revealed a 
rectangular patch of primer surrounded by regions of relatively clean metal surface that 
extended inward from the edges of the metal sample (Figure 3.24(a)). The failed PU 
interface was an exact mirror image of the metal surface (Figures 3.24(b)). The surface 
areas of these two regions (primer patch and clean metal) on the failure interfaces of test 
samples were observed to vary with exposure time.  While the area of the former was 
observed to decrease, that of the latter was observed to increase, with exposure time.  
Photographs of failed metal interfaces of bronze, titanium and stainless steel test sample 
are shown in Figure 3.25. 
 
Following exposure, no deposits of grey encrustment (CaCO3) were observed on the 
underside of any of the test samples tested using ‘‘isolated’’ test configuration. Being 
isolated from the carbon steel frame to which they were attached, these samples were at 
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open circuit potentials (≥ -200 mV vs. Ag/AgCl) that were not negative enough to cause 
the precipitation and deposition of CaCO3 on the underside.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.24. Schematics of failure pattern showing (a) metal interface with a 
rectangular patch of primer surrounded by regions of relatively clean metal edges, and 
(b) PU interface which is an exact mirror image of the metal substrate with a layer of 
primer at the edges and a clean PU patch at the centre. 
 
 
 
 
       
 
 
                               (a)                                                       (b) 
 
Figure 3.25. Photographs of failed test samples showing the failure pattern of (a) 
Ti6Al4V (i) and bronze (CW451K); primed with PR24 and having direct electrical 
connection to the carbon steel beam (ii) and (b) Stainless steel 316L showing the failed 
PU surface (i) which is an exact mirror image of the metal surface (ii).  
 
Test samples primed with PR24 and tested using the isolated test sample configuration 
(Section 3.2.3.2) were found to have experienced 100 % failure or 0 % immersion 
resistance within 6 months of being placed in the seawater exposure tank (Table 3.2). 
(i) 
(i) 
(ii) 
Clean metal 
Primer on stainless steel surface   
(ii) 
Primer on titanium 
surface   
Primer on bronze 
surface  
(a) Failed metal substrate 
Layer of primer on metal 
surface 
Regions of clean metal 
surface  
Layer of primer on PU surface 
Clean region on PU surface 
(b) Failed PU substrate 
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Stainless steel test 316L samples were observed to have failed after 5 – 6 months of 
exposure while bronze (CW451K) and Ti6Al4V experience complete failure after 4.5 – 
5 months and 4.5 months, respectively (Table 3.2). Identical test samples were also 
observed to show some minimal variations in their time-to-failure and percentage bond 
resistance. Two nominally identical stainless 316L test samples, both coated with PR24 
and isolated from the carbon steel frame, are shown in Figure 3.26.  While one (S15) of 
the test samples showed 15 % reduction in bond resistance in 3 months (Figure 3.26, 
blue line), the other (S16) sample maintained 100 % bond resistance within the same 
period (Figure 3.26, green line).   
 
 
 
Figure 3.26.  Bond resistance vs. time for identical stainless steel 316L test samples 
(S15 and S16) coated with primer PR24 and for which an open circuit potentials -280 to 
+42 mV vs. Ag/AgCl had been measured, showing a 15 % reduction in bond resistance 
in 3 months and a decreasing bond resistance to failure in 5 months for test sample S15 
(blue line) and 100 % bond resistance after 3 months and a decreasing bond resistance 
to failure in 6 months for test sample S16 (green line). 
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Graphs of nominally identical bronze and titanium test samples coated with primer 
PR24 and exposed using the isolated test configuration are shown in Figures 3.27 and 
3.28, respectively. These samples maintained 100 % bond resistance for a period of 4 
months in immersion before experiencing a reduction in resistances of 10 % (B15) and 
50 % (B16) respectively. A 100 % failure was later observed after an additional period 
of ca. 1 month (Figures 3.27 and 3.28) for bronze (CW451K) and titanium (Ti6Al4V) 
test samples, respectively.   
 
 The rapid decrease in bond resistance with time observed in these test samples at less 
negative applied potential, irrespective of metal substrate used was thought to be 
predominantly due to the primer or coating characteristics of PR24. This could be 
related to primer processing and application procedures or the primers intrinsic 
environmental resistance properties.  
 
Figure 3.27. Bond resistance vs. time for nominally identical bronze test samples (B15 
and B16) coated with primer PR24 and exposed at open circuit potentials of between -
280 to -140 mV vs. Ag/AgCl showing 100 % bond resistance after 4 months of 
immersion and a decreasing bond resistance to failure in the following 1.5 months for 
samples B15 and B16, respectively.  
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Figure 3.28. Bond resistance vs. time for nominally identical titanium  test samples 
(T15 and T16) coated with primer PR24 and exposed at open circuit potentials of 
between -280 to -140 mV vs. Ag/AgCl, showing 100 %  bond resistance after 4 months 
of immersion and a decreasing bond resistance to failure in the following 1.5 months.  
 
 
Visual examination of the failed metal and polyurethane interfaces of test samples that 
were exposed using ‘‘isolated’’ test sample configuration were observed to have a 
different failure pattern than those tested using the “connected” test configuration. They 
consisted of interfaces which were both entirely covered with a layer of the primer seen 
in red (Figure 3.29). In contrast, there were no clean metal regions as observed in test 
samples tested using ‘‘connected’’ test sample configuration (Figure 3.25). This 
markedly different failure pattern could be due to a difference in the failure 
mechanism(s) of test samples exposed using the ‘‘isolated’’ test sample configuration. 
Schematics of the failure interfaces are shown in Figure 3.30. Figure 3.29(a) and (b) 
shows a layer of PR24 primer on both interfaces for titanium (Ti6Al4V) and bronze 
(CW451K) failed test samples, respectively. Irrespective of metal type, these results 
have shown that metal samples coated with primer PR24 and tested using the “isolated” 
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test sample configuration show more resistance to failure (ca. 40 − 50 %) than those 
tested using the “connected” test configuration.  
 
     
                             (a)                                                        (b) 
 
Figure 3.29. Photographs of failure pattern of “isolates” PR24 coated test samples 
showing metal and PU interfaces covered with a layer of primer: (a) titanium test 
sample and (b) bronze test sample.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.30. Schematics of failure patterns of isolated PR24 coated test samples 
showing (a) metal interface covered with a layer of primer and (b) PU interface which is 
an exact mirror image of the metal substrate.   
 
 
Layer of primer on metal 
surface 
(b) PU substrate 
(a) Metal substrate 
Layer of primer on PU surface 
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3.3.1.3 Primer PR91 coated samples tested using “connected” test configuration  
Results from test samples coated with primer PR91 were markedly different from those 
of primer PR24 (Section 3.3.1.2). Stainless steel 316L and bronze (CW451K) test 
samples coated with PR91 primer and tested using the “connected” test sample 
configuration were observed to have experienced 0 − 100 % loss in bond resistance 
within a 6 months period of exposure testing while identical titanium (Ti6Al4V) test 
samples failed after 5 – 8 months.  
 
Figure 3.31 shows the variation of percentage bond resistance with time for nominally 
identical stainless steel 316L samples coated with primer PR91 and tested using 
“connected” test sample configuration (Section 3.2.3.2). These samples were observed 
to show 100 % bond resistance after 3 months of exposure (samples S13 and S14). This 
resistance was reduced by 10 – 25 % after 5 months and decreased further until 
complete failure was achieved after 6 months of exposure. Graphs showing the trend of 
failure for bronze (CW451K) and titanium (Ti6Al4V) test samples are shown in Figures 
3.32 and 3.33, respectively.  
 
The failure of test samples tested using ‘‘connected’’ test configuration was attributed to 
cathodic delamination. The galvanic coupling effect of electrically connecting the test 
samples to the carbon steel frame (Section 3.3.3.2) in seawater, resulted in the 
preferential corrosion of the carbon steel to the test samples (the former being anodic to 
the latter). When galvanically coupled, the open circuit potentials of the test samples 
were altered in the negative direction and stabilized at -850 ± 3 mV vs. Ag/AgCl, thus 
providing electrons at the polymer-to-metal interface.  The electrons combined with 
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available water and dissolved oxygen to produce hydroxyl ions (Equation 3.3). This 
reaction resulted in high pH at the interface and adhesion loss. 
 
½ O2 + H2O + 2e¯ → 2OH-                  (3.2) 
 
 
 
 
Figure 3.31. Bond resistance vs. time for nominally identical stainless steel 316L test 
samples coated with primer PR91 and exposed at set potentials of -850 ± 3 mV vs. 
Ag/AgCl, showing 100 % bond resistance within 3, a 10 % (S13) and 25 % (S14) 
reduction in the 4th month of exposure and complete failure (0 % resistance) after ca. 6 
months exposure in flowing sea water tank.  
    
 
Similar research by Arnett et al., on non conducting coatings on metal connector back-
shells have found identical potential (-800 mV vs. SCE) to be favourable to cathodic 
delamination via the electrochemical reaction (Equation 3.2) [26].  Another possible 
cause of failure is the diffusion of water molecules through the edges of the samples to 
the polymer-to-metal interface. The depletion of water and dissolved oxygen (due to 
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electrochemical activities) and the production of hydroxyl ions at the interface could 
cause a concentration gradient between ions at the interface and in the surrounding bulk 
solution. Water molecules and ions could be forced to the interface under the influence 
of osmotic pressure and/or the electrical potential (-850 ± 3 mV vs. Ag/AgCl), thus 
resulting in cathodic delamination. This view is similar to that held by Kittleberger et 
al., who established that blistering in coated panels was due to electro-osmosis of water 
through the coating film under the influence of an electrical potential gradient. They 
found that the amount of water absorbed in an oil paint film was greater in the 
electrically coupled panels that in the uncoupled panels [27,28]. 
 
 
Figure 3.32. Bond resistance vs. time for nominally identical bronze test samples coated 
with primer PR91 and exposed at set potentials of -850 ± 3 mV vs. Ag/AgCl, showing a 
25 % (B13) and 0 % (B14) reduction in bond resistance within ca. 3 months, followed 
by 100 % failure after ca. 6 months in flowing sea water tank.  
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Figure 3.33. Bond resistance vs. time for nominally identical titanium (Ti6Al4V) test 
samples coated with primer PR91 and exposed at potentials of -850 ± 3 mV vs. 
Ag/AgCl, showing 100 % (T13 and T14) bond resistance within 3 month of exposure 
and complete failure (100 %) after ca. 7 months exposure in flowing sea water tank.    
 
 
 Visual examination of failed test samples coated with PR91 primer and tested using the 
‘‘connected’’ test sample configuration (Section 3.2.3.2) showed failure patterns 
comparable to failed test samples coated with PR24 primer and of the same test 
configuration (connected, Figure 3.25). Failed metal interfaces were characterised by a 
patch of primer surrounded by regions of clean metal substrate (Figure 3.34). The PU 
failure interface was a mirror image of the metal surface, but covered with a thinner 
layer of primer (Figure 3.34, black arrows). These rectangular islands of primer 
surrounded by clean metal regions were also found to decrease with exposure time.  
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Figure 3.34. Photograph of failed stainless steel and PU interfaces exposed at potentials 
of -850±3 mV vs. Ag/AgCl, showing a rectangular shaped island of primer surrounded 
by clean metal regions and the PU interface showing an island of PU covered by a thin 
layer of primer and surrounded by regions of PR91 primer.  
 
3.3.1.4 Primer PR91 coated samples tested using ‘‘isolated’’ test configuration  
Test samples coated with PR91 primer and tested using the ‘‘isolated’’ test sample 
configuration (Section 3.2.3.2) were found to show the best failure resistance (> 1 year). 
Percentage bond resistance vs. time for identical stainless steel 316L samples (Figure 
3.35) exposed in flowing sea water tank showed 100 % bond resistance for over 1 year 
of exposure. While one stainless steel 316L sample (S12) did not record any reduction 
in bond resistance in over 2.5 years of exposure, the other sample (S11) showed 100 % 
bond resistance for ca. 1.25 years (Figure 3.35). This discrepancy in nominally identical 
test samples was also observed for bronze (CW451K) and titanium (Ti6Al4V) test 
samples (Figures 3.36, and 3.37, respectively).  
 
  
  
      
Coating on PU surface  
 
Coating on metal surface  
  
Clean metal surface 
  
PU surface covered with thin 
layer of primer 
 
 
  
                                                Chapter 3: Cathodic delamination tests of polymer-to-metal composites  
 
130 
 
 
 
Figure 3.35. Bond resistance vs. time for nominally identical stainless steel 316L test 
samples coated with primer PR91 and exposed at open circuit potentials -280 to -117 
mV vs. Ag/AgCl, showing 100 % bond resistance after 1 and 2.5 years for samples S11 
and S12, respectively.   
 
 
 
Figure 3.36. Bond resistance vs. time for nominally identical bronze (CW451K) test 
samples coated with primer PR91 and exposed at open circuit potentials -230 to -163 
mV vs. Ag/AgCl, showing 100 % bond resistance after 1 and 2 years of exposure in 
flowing sea water tank for samples B11 and B12, respectively.  
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Figure 3.37. Bond resistance vs. time for nominally identical titanium Ti6Al4V test 
samples coated with primer PR91 and exposed at open circuit potentials -230 to -163 
mV vs. Ag/AgCl, showing 100 % bond resistance after ca. 2 and 2.5 years of exposure 
in flowing sea water tank for samples T11 and T12, respectively.  
          
The failure rate (% failure/time) was generally reduced by ca. 80 – 90 % in tests 
samples coated with PR91 primer compared to those coated with PR24. Test samples 
tested using the ‘‘isolated’’ (-230 to -163 mV vs. Ag/AgCl) test configuration were 
observed to have reduced failure rates ca. 50 % compared to identical test samples 
tested using “connected” (-850 ± 3 mV vs. Ag/AgCl) test sample configuration. In the 
former, visual observation revealed metal and PU failure surfaces that were relatively 
clean with no obvious residual layers of primer coats on the surfaces. The mechanism of 
failure appeared to differ from that of the later. These results have revealed that 
although applied galvanic potentials could double the failure rate of test samples 
irrespective of the primer used, the use of primer PR91 reduced failure rate by twice as 
much compared to primer PR24. 
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3.3.2 Sea raft exposure 
Test sample/frames nominally identical to those used in the flowing seawater tank 
exposure test were exposed for about 1 year on a sea exposure raft (located in 
Langstone Harbour). A summary of time-to-failure data is presented in Table 3.6. 
Although there were some discrepancies in the time-to-failure data of a few nominally 
identical test samples, there was generally a strong correlation between time-to-failure 
for samples exposed on the sea raft and samples exposed in the flowing seawater tank. 
Graphs of bond resistance vs. time for nominally identical stainless steel 316L, bronze 
(CW451K) and titanium (Ti6Al4V) test samples coated with PR24 and exposed using 
‘‘connected’’ tested sample configuration are shown in Figures 3.38, 3.39, and 3.40. 
Those tested using ‘‘isolated’’ test sample configurations are shown in Figures 3.41, 
3.42 and 3.43 for stainless steel 316L, bronze (CW451K) and titanium (Ti6Al4V) test 
samples, respectively.  
 
Table 3.6. Summary of time-to-failure of sea raft exposed test samples.  
 
Primer type/sample 
configuration 
PR 24-Connected 
to test frame 
PR24-Isolated 
from test frame 
PR91-Connected 
to test frame 
PR91-Isolated 
from frame 
Time-to-failure / months 
Metal type     
Stainless steel 
(316L) 
3 – 4 5 – 6 6 > 12 
Bronze 
(CW451 K) 
3 – 4 4 – 6 4 – 6 > 12 
Titanium 
(Ti6Al4V) 
3 – 4 3 – 4 6 – 7             > 12 
 
 
3.3.2.1 Primer PR24 coated samples tested using ‘‘connected’’ test configuration  
Nominally identical stainless steel 316L test samples coated with PR24 primer were 
observed to have the least failure resistance with all samples experiencing 100 % failure 
in < 4 months of exposure (Figure 3.38).  Although bronze (CW451K) and titanium 
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(Ti6Al4V) test samples (B07 and T07) showed a similar failure trend, samples B08 and 
T08 showed 50 % and 25 % loss in bond resistance after 5 months, respectively (Figure 
3.39 and 3.40).    
 
Figure 3.38. Bond resistance vs. time for stainless steel 316L, test samples (S07 and 
S08) coated with PR24 and exposed using the ‘‘connected’’ test configuration (-860 
mV vs. Ag/AgCl, showing 100 % loss in bond resistance within ca. 3 months of 
exposure on the sea raft.  
 
 
Figure 3.39. Bond resistance vs. time for bronze (CW451K) test samples (B07 and 
B08) coated with PR24 and exposed using ‘‘connected’’ test sample configuration (-860 
mV vs. Ag/AgCl, showing 100 % and 50 % loss in bond resistance (B07 and B08, 
respectively) within and 3-4 months of exposure on the sea raft.  
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Figure 3.40. Bond resistance vs. time for titanium (Ti6Al4V) test samples (T07 and 
T08) coated with PR24 and exposed using ‘‘connected’’ test sample configuration (-860 
mV vs. Ag/AgCl, showing 100 % and 25 % loss in bond resistance (T07 and T08, 
respectively) within and 3-4 months of exposure on the sea raft.  
 
 
3.3.2.2 Primer PR24 coated samples tested using ‘‘isolated’’ test configuration  
 
All nominally identical test samples of stainless steel (316L), bronze (CW451K) and 
titanium (Ti6Al4V) that were coated with PR24 and exposed using the ‘‘isolated’’ test 
sample configuration (-230 to -163 mV vs. Ag/AgCl) were observed to have shown 
reduced failure rates (10 – 20 %) within the initial 1 – 4 months of exposure (Figures 
3.41 – 3.43).  
 
                                                Chapter 3: Cathodic delamination tests of polymer-to-metal composites  
 
135 
 
 
 
Figure 3.41. Bond resistance vs. time for stainless steel 316L, test samples (S05 and 
S06) coated with PR24 and exposed using the ‘‘isolated’’ test sample configuration 
 (-230 to -163 mV vs. Ag/AgCl), showing 10 %, then 100 % loss in bond resistance 
within 3-4 months of exposure on the sea raft.  
 
Results obtained from PR24 test sample tested using “isolated” testing configuration 
varied markedly from those obtained for similar samples exposed using ‘‘connected’’ 
test sample. While the former experienced 10 – 20 % failures, the later experienced 100 
% failures in ca. 3 – 4 months. This result was obtained for all three metal substrates 
and was associated with the poor failure resistance properties of the primer PR24 and 
the difference in applied potentials between “isolated” and “connected” test samples.   
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Figure 3.42. Bond resistance vs. time for bronze (CW451K), test samples (B05 and 
B06) coated with PR24 and exposed using the ‘‘isolated’’ test sample configuration  
(-230 to -163 mV vs. Ag/AgCl), showing 10 % and 0 % loss in bond resistance for 
samples B05 and B06, respectively. 100 % loss in bond resistance was observed after 
ca. 6 and 16 months for the respective samples.  
 
 
Figure 3.43. Bond resistance vs. time for titanium (Ti6Al4V), test samples (T05 and 
T06) coated with PR24 and exposed using the ‘‘isolated’’ test sample configuration  
(-230 to -163 mV vs. Ag/AgCl), showing 50 % and 10 % loss in bond resistance for 
samples T05 and T06, respectively. 100 % loss in bond resistance was observed after 
ca. 6 months.  
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3.3.2.3 Primer PR91 coated samples tested using ‘‘connected’’ test configuration  
 
Graphs for test samples coated with PR91 primer and exposed using ‘‘connected’’ test 
samples configuration (Figures 3.44 – 3.46), showed 10 – 20 % reduction in bond 
resistance after ca. 5 months of exposure. Bond resistance was further reduced to 50 ± 
10 % after ca. 7 month, after which 100 % failure occurred. These results were 
irrespective of the metal substrate used and showed that PR91 primer had better failure 
resistant than PR24 primer tested under similar conditions.  
 
 
 
Figure 3.44. Bond resistance vs. time for stainless steel 316L, test samples (S03 and 
S04) coated with PR91 and exposed using ‘‘connected’’ test sample configuration (-860 
mV vs. Ag/AgCl, showing 10 – 20 % reduction in bond resistance with time after 3 – 4 
months and 100 % loss in bond resistance within 7 months of exposure on the sea raft.  
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Figure 3.45. Bond resistance vs. time for bronze (CW541K), test samples (B03 and 
B04) coated with PR91 and exposed using ‘‘connected’’ test sample configuration (-860 
mV vs. Ag/AgCl, showing 10 – 50 % reduction in bond resistance after 3 – 4 months 
and 100 % loss in bond resistance within 7 months of exposure on the sea raft.  
 
 
 
Figure 3.46. Bond resistance vs. time for titanium (Ti6Al4V), test samples (T03 and 
T04) coated with PR91 and exposed using ‘‘connected’’ test sample configuration (-860 
mV vs. Ag/AgCl, showing 10 – 20 % reduction in bond resistance after 3 – 4 months 
and 100 % loss in bond resistance within 7 months of exposure on the sea raft.  
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3.3.2.4 Primer PR91 coated samples tested using ‘‘isolated’’ test configuration  
Graphs of % bond resistance vs. time for test samples coated with PR91 primer and 
exposed using ‘‘isolated’’ test samples configuration (Figures 3.47 – 3.49), showed a 
marked increase in bond resistance with time in contrast to those tested using connected 
test sample configuration. No failure was recorded in any of the samples in ca. 7 months 
of testing. Following 7 months of exposure, stainless steel 316L samples (S01 and S02) 
and the titanium sample (T01) showed the least bond resistance (Figure 3.47 and 3.48). 
Bronze samples (B01 and B02) showed 10 % reduction in bond resistance (Figure 
3.48), whilst the titanium sample (T02) showed 0 % reduction in bond resistance within 
16 months of testing (Figure 3.49).  Test samples S02, B02 and T02, (Figures 3.47 – 
3.47) had un-exposed polymer-to-metal bondlines which may have contributed to their 
enhanced resistance.  
 
 
 
Figure 3.47. Bond resistance vs. time for stainless steel 316L test samples (S01 and 
S02) coated with PR91 and exposed using the ‘‘isolated’’ test configuration (-230 to -
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163 mV vs. Ag/AgCl), showing 100 % bond resistance after ca. 7 months of exposure 
on  the sea raft.  
 
 
Figure 3.48. Bond resistance vs. time for bronze (CW451K) test samples (B01 and 
B02) coated with PR91 and exposed using isolated test configuration (-230 to -163 mV 
vs. Ag/AgCl), showing 100 % bond resistance after ca. 7 months and 10% reduction in 
bond resistance after ca. 16 months of immersion on the sea raft.  
 
 
Figure 3.49. Bond resistance vs. time for titanium (Ti6Al4V) test samples (T01 and 
T02) coated with PR91 and exposed using isolated test configuration (-230 to -163 mV 
vs. Ag/AgCl), showing 100 % bond resistance after ca. 7 months (T01) and 100 % bond 
resistance after ca. 16 months (T02) of immersion on the sea raft. 
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Visual observation of the test samples showed that the entire test frame/samples were 
covered with marine growth and fouling (Figure 3.50). The failure interfaces of the test 
samples showed similar failure patterns as those observed in tank exposures tests for 
both ‘‘connected’’ (Figure 3.51(a), (b), and (c)) and ‘‘isolated’’ (Figure 3.51 (d)) test 
sample configuration (Section 3.2.3.2). The former failed leaving a patch or island of 
primer surrounded by clean metal regions while the later was characterised by a layer of 
primer over the entire surface. This trend was also observed in samples prepared using 
PR91 primer which was observed to have better failure resistance than those prepared 
using PR24 primer.    
 
 
 
Figure 3.50. Photograph showing test frame/samples covered with marine growth after 
3 months of exposure on the sea raft at Langstone Harbour.   
 
Test samples whose polymer-to-metal bond-lines were unexposed (S02, B02 and T02, 
Figure 3.9(b)) during testing were observed to possess the longest bond resistance (> 2 
years, Figure 3.48 and 3.49) in sea immersion trials when tested using “isolated” test 
configuration. This enhanced failure resistance is likely explained by the absence of a 
defect (sample edges) via which water and/or ions could get to the sample interface. 
                                                Chapter 3: Cathodic delamination tests of polymer-to-metal composites  
 
142 
 
Although the test samples were generally cathodic to the carbon steel beam in the 
“connected” test configuration, local anodic and cathodic sites could occur due to the 
presence of defects or other extraneous materials on or near the interface. The mode of 
failure observed in test samples tested using ‘‘connected’’ test configuration was 
characteristic of an adhesive failure resulting from lateral diffusion of species through 
the edges of the test samples to the polymer-to-metal interface. Downward diffusion of 
species through the polymer itself (cast PU/primer) appeared to be less likely due to the 
low water absorption properties (2.1 % 1000 h at normal temperature and pressure) of 
the cast PU material (EMC 80A) [29]. The clean metal regions of the failed metal 
sample interface were characteristic of metal-to-primer adhesive failure while the 
islands of primer indicated primer-to-PU adhesive failure due to a weakened primer-to-
PU bond. These failures modes were characteristic of all ‘‘connected’’ test samples 
irrespective of primer type and appeared identical to those recorded for failed cable 
connector assemblies from actual service environments [30]. 
 
The mode of failure observed in test samples tested using ‘‘isolated’’ test configuration 
was characteristic of a cohesive type of failure in which failure occurred in the bulk of 
the primer, leaving behind a thin film of the coating on both metal and PU failure 
interfaces.  
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Figure 3.51. Photograph showing the failed interfaces and patterns for PR24 coated test 
samples connected to the frame (a) stainless steel 316L (b) un failed bronze (CW451K) 
(c) titanium (Ti6Al4V) and isolated from the frame (d) stainless steel 316L. Note the 
different failure patterns between test samples a - c (connected) and d (isolated). The 
former comprise of primer patches (red) on metal surfaces while the later shows a 
continuous primer layer on the metal surface.   
 
 
 
 
 
Figure 3.52. Photograph showing the failure interface for PR91 coated test samples: 
isolated stainless 316L steel (a), bronze CW451K (b), titanium Ti6Al4V (c) and 
connected stainless 316L steel (d), bronze CW451K (e) and titanium Ti6Al4V (f). 
Failure was predominantly adhesive with regions of cohesive failure.  
 
3.3.3 Neutral salt spray testing  
Neutral salt spray testing was carried out according to ASTM B117 on nominally 
identical test frames/samples to those used in the sea raft and seawater tank exposure 
a b c d e f 
a 
b 
c 
d 
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[22]. Continuous salt spray testing was conducted at 35 °C under a fog mist of NaCl 
(3.5 wt/v %) for 4 months. Intermittent interruption in testing was carried out to 
replenish the equipment moisture tank and to examine the test samples for signs of 
delamination. A summary of time-to-failure of exposed samples is given in Table 3.6.  
 
Table 3.6. Summary of time-to-failure of neutral salt spray exposed test samples.  
Primer type 
 
PR 24 PR24 PR91 PR91 
Sample 
Configuration Connected Isolated Connected Isolated 
Time-to-failure / days 
Metal type      
Stainless 
 steel (316L) 
23  23  No failure recorded after 2 
months and 40 % reduction 
in bond resistance after 4 
months of test.  
No failure recorded after 2 
months and 50 % reduction 
in bond resistance after 4 
months of test. 
Bronze  
(CW451K ) 
23  23  No failure recorded after 4 
months of test.  
No failure recorded after 2 
months of testing and 40 %  
reduction in bond resistance 
recorded after 4 months  
Titanium 
(Ti6Al4V) 
23  23  15 % reduction in bond  
resistance recorded after  4 
months of testing  
No failure recorded after 2 
months of testing and 40 % 
reduction in bond resistance 
was recorded after 4 
months of testing. 
 
 
It was observed that all test samples coated with PR24 primer, failed within 23 days of 
testing, irrespective of metal substrate and testing configuration (Figure 3.52 and Figure 
3.53). Within the initial 2 months of exposure, no failures were recorded any of the 
PR91 test samples, irrespective of metal substrate and testing configuration (Table 3.6). 
Graphs of percentage bond resistance vs. time for different metal types and test 
configurations are given in Figures 3.53 – Figure 3.56. It was observed that all PR24 
coated samples showed 30 – 60 % and 10 – 20 % reduction in bond resistance in 13 
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days for “connected” and “isolated” test configurations respectively, except for sample 
T28 which recorded 60 % (Figure 3.53).  
   
 
 
Figure 3.53. Superimposed graph of percentage bond resistance vs. time for stainless 
steel 316L (S28), bronze (B28) and titanium (T28) test samples coated with PR24 
primer and exposed using ‘‘connected’’ test sample configuration, showing ca. 30 – 60 
% and 100 %  loss in bond resistance within 13 and 23 days of exposure in salt spray 
test, respectively.  
 
 
Although some of the samples tested using ‘‘isolated’’ test configuration showed 
reduced failure rate (10 – 20 %) after 13 days of testing (Figure 3.54; S25 and B25), one 
of the test samples (T25) showed a 50 % reduction. These results made it difficult to 
establish if testing configurations (connected or isolated) had any effect on the rate of 
failure in the salt spray testing.  
 
All test samples coated with PR91 primer and tested using the ‘‘connected’’ test 
configuration were observed to show 0 % reduction in bond resistance within initial 65 
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days of exposure (Figure 3.55). Stainless steel 316L (S24) and titanium (T24) test 
samples showed 40 % and 10 % reduction in bond resistance respectively, while bronze 
sample (B24) showed no failure after 125 days of in the salt spray test (Figure 3.55).  
 
 
 
 
Figure 3.54. Superimposed graph of percentage bond resistance vs. time for stainless 
steel 316L (S25), bronze (B25) and titanium (T25), test samples coated with PR24 and 
exposed using the “isolated” test sample configuration, showing 10 % reduction in bond 
resistance (S25 and B25) in 13 days and 100 % loss in bond resistance in 23 days of 
exposure in salt spray test.  
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Figure 3.55. Superimposed graph of percentage bond resistance vs. time for stainless 
steel 316L (S24),  bronze (B24) and titanium (T24) test samples coated with PR91 and 
exposed using ‘‘connected’’ test configuration , showing 0, 15 and 60 % reduction in 
bond resistance in 125 days of exposure in salt spray test for samples S24, B24 and T24, 
respectively.  
 
 
All test samples coated with PR91 primer and tested using ‘‘isolated’’ test configuration 
showed 0 % reduction in bond resistance after 45 days of exposure. Following this 
period, bond resistance reduced from 100 % to ca. 40 – 50 % (Figure 3.56).  
 
These results showed that samples coated with PR91 primer had better failure resistance 
than those coated with PR24 primer. The results also suggest that the testing 
configurations (connected or isolated) is likely not to have an effect on the failure rate 
of the test samples tested in the salt spray test. The reduced rates of failure were 
attributed to the failure resistance properties of the primer sonly.  
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Figure 3.56. Superimposed graph of percentage bond resistance vs. time for stainless 
steel 316L (S24),  bronze (B24)) and titanium (T24) test samples coated with PR91 and 
exposed using ‘‘isolated’’ test configuration, showing 50 %  (S21) and 40%  (B21 and 
T21) reduction in bond resistance in 125 days of exposure in salt spray test.  
 
The results obtained with the accelerated salts spray tests carried out were observed to 
be comparative to those carried out in the flowing seawater tank and sea raft. Similar 
correlation in data have been reported by Defoliant et al., who exposed a polyester coil 
coating to natural outdoor weathering conditions using selected environmental 
parameters and compared identical samples to exposure in selected indoor artificial 
accelerated tests. They found comparable degradation data between samples exposed in 
a salt spray chamber and samples exposed in a natural outdoor exposure test [17].  
 
3.3.4 SEM and EDS analysis of failed PR24 coated sample 
To further understand the mechanism(s) of failure of PR24coated samples exposed in 
the flowing seawater tank, SEM imaging and EDS elemental analysis of an unexposed, 
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grit blasted (Al2O3) and coated (PR24) stainless steel 316L substrates was carried out. 
The images and spectrum acquired were compared with those acquired from a failed 
(seawater exposed) stainless steel 316L sample. SEM images of the unexposed sample 
(Figure 3.57) revealed a fairly even surface characterised by spherical bright shinny 
deposits (Figure 3.57(a) and (b)). This is characteristics of surface charging due to the 
presence of non-conduction particulate material on the surface.  
 
          
                                    (a)                                                              (b)  
Figure 3.57. SEM images of unexposed stainless steel 316L grit blasted with Al2O3 grit 
and coated with PR24 showing surface charging (a) low magnification (×30) fairly even 
surface characterised by spherical shiny deposits and (b) higher magnification (×950) of 
the  bright shiny deposits shown by white arrows.  
 
 
               
                                 (a)                                    (b) 
Figure 3.58. SEM images of unexposed stainless steel grit blasted with Al2O3 g and 
coated with PR24 showing surface characteristics (a) Al rich surface particle, white 
arrows and (b) C and O rich surface particle, red arrows. 
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Higher magnification (> × 1500) images (Figure 3.58) further revealed that the surface 
deposits were of two types consisting of (i) spherical bright shiny particulate materials 
(Figure 3.58(a) white arrows) and (ii) larger isolated deposits with reduced brightness 
(Figure 3.58(b) red arrows).  
 
      
 
 
 
Figure 3.59. SEM images of unexposed metal substrates grit blasted with Al2O3 grit 
and coated with PR24 showing surface characteristics Al (white arrows) and C and O 
(red arrows) rich surface particle on (a) stainless steel 316L  (b) bronze CW451K and  
(c) titanium Ti6Al4V substrates. 
 
Spot EDS analysis revealed that the former was Al rich while the latter was C and O 
rich. These surface features were observed on all PR24 coated surfaces irrespective of 
the metal substrate type (Figure 3.59). A general EDS analysis of unexposed PR24 
coated stainless 316L steel surface (Figure 3.60) revealed the presence of Fe, Cr, Ni, 
(a) (b) 
(c) 
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and Si peaks, believed to be from the alloy components of stainless steel 316L. Ca and 
Al was attributed to the CaO (0.3 %) and Al2O3 (95.20 %) content of the grit material 
(Chapter 2, section 2.2.1.2). The source of Zn, P, O and C was attributed to the primer 
(PR24). Other elements identified were Na and K. (Figure 3.60).  
 
 
 
 
Figure.3.60. EDS spectra of unexposed stainless steel 316L grit blasted with Al2O3 grit 
and coated with PR24  
 
 
The SEM image of the metal interface of a failed (seawater exposed) PR24 coated 
stainless steel 316L sample showed distinct shade differences between the clean metal 
and the patch primer regions (Figure 3.61). Failure was thought to be due to an adhesive 
failure occurring at the metal/primer interface in the former and at the primer/PU 
interface in the latter. Higher magnification (×900) images of these regions were 
characterised by bright shinny deposits of (Figure 3.62(a) and 9(b)). 
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Figure 3.61. SEM image of the failure interface of stainless steel 316L grit blasted with 
Al2O3 grit and coated with PR24 showing different colour shades on the clean metal 
region of metal/primer (black arrow) and patch primer region of primer/PU adhesive 
failures (red arrow).  
 
 
       
                                  (a)                                                   (b) 
 
Figure 3.62. High magnification (× 900) SEM images of the failure interface of 
stainless steel 316L grit blasted with Al2O3 and coated with PR24 showing shiny 
deposits on (a) clean metal region of metal/primer and (b) patch primer region of 
primer/PU adhesive failures.  
 
EDS analysis of the patch “island” of primer (PR24) on the failed stainless steel 316L 
sample (section 3.3.1.3; Figure 3.25(b)) showed a strong Fe and Cr peaks and the 
complete absence of the Zn and P peaks (Figure 3.63). The absence of these elements (P 
and Zn) suggests that the failure mechanism(s) of PR24 could be related to reactions 
involving compounds containing these elements. The presence of Al2O3 grit particles at 
the metal/primer interface could also be a contributing factor. Being amphoteric, Al2O3 
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could react with water and OH- at the interface to produce Al(OH)4- 
(tetrahydroxoaluminate) (Equation 3.3) which could unfavourably affect the 
metal/primer/PU bond.  
 
Al2O3 + 3 H2O + 2 OH-(aq) → 2 [Al(OH)4]-(aq)                     (3.3) 
 
 
 
Figure.3.63. EDS spectra of the patch primer island on the failed interface of stainless 
steel 316L grit blasted with Al2O3 grit and coated with PR24, showing the complete 
absence of Zn and P peaks after exposure in flowing seawater tank.  
 
3.3.5 Effects of applied potential on test samples and hence cable connector 
assemblies 
Based on the exposure trials carried out, it is clear that the surfaces of all galvanically 
coupled samples tested in flowing seawater were under the influence of an applied 
potential difference having formed a galvanic cell. Similarly, it can be surmised that the 
back-shells of cable connector assemblies (Figure 3.64), when coupled to carbon steel 
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hulls or appurtenances may be subjected to applied potentials similar to the potentials in 
samples tested using  “connected” test configuration i.e., -860 mV vs. Ag/AgCl. These 
potentials will be more negative when the steel structure is cathodically protected with 
anodes (e.g., Zn or Mg), or when the cable connector is connected to metal 
appurtenances which are much less noble than the metal connector back-shell material. 
As a result, free electrons will be accumulated at the surface of the metal connector 
back-shell (Figure 3.64) as suggested by Arnett et al., [26] and delamination would 
occur via one or more of the electrochemical reactions in Equations 1.10 to 1.14 
(Section 1.6).  
 
From the data obtained, it can be concluded in general that the choice of a superior 
primer (PR91) significantly enhances or influences adhesion and the resistance of test 
samples to cathodic delamination, hence the useful service life of the test samples or 
products so treated.   
 
Results obtained from samples tested using “isolated” test sample configuration 
provided reliable evidence to support the premise that when a cable connector assembly 
is electrically isolated from the metal structure and/or appurtenances (Figure 3.65), the 
useful service life could be increased by > 100 %. This could be achieved by the use of 
suitable non-conducting isolation sleeves or seal between the cable connector female 
and the structure to which it is attached (Figure 3.65). This is will electrically isolate the 
cable connector assembly from the metal structure whilst still connected to its female 
counterpart, hence cutting off the supply of electrons necessary for the oxygen reduction 
reaction (Equation 3.2) thought to be responsible for cathodic delamination.  
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Figure 3.64. Schematic of the galvanic coupling effect of a cable connector coupled to 
cathodically protected (Zn) carbon steel showing the accumulation of electrons on the 
stainless steel 316L body (back-shell) [26].  
 
 
 
 
Figure 3.65. Schematic of the effect of using suitable isolation sleeves or seals between 
the cable connector female and cathodically protected metal hulls and/or appurtenances 
showing no accumulation of electrons on the stainless steel 316L metal connector back-
shell.   
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3.4 Conclusions  
The most accurate way to determine the lifetime performance of any engineering 
material or composite is to expose the material to the service environment for which it 
was designed and assess the material after its lifetime has elapsed. Empirical data of this 
type is hard to obtain as manufacturers, end users or customers are unwilling or unable 
to wait for the long periods of time required for these types of tests. In the present work, 
tests carried out in the flowing seawater tank, sea raft and salt spray exposure tests were 
found to show similar results in terms of primer resistance and failure mechanism(s) and 
patterns.  
 
These exposure tests clearly showed that the PR91 primer, when properly applied to 
metal surfaces and moulded with cast PU plastic, has a better resistance to failure by 
cathodic delamination than the PR24 primer. Thus, the use of PR91 increases the 
service life of test samples, devices and/or cable connector assemblies. Data obtained 
indicated that the polymer-to-metal bond life-time expectancy of PR91 is twice that of 
PR24. 
 
There is also convincing evidence to support the premise that if cable connector 
assemblies are electrically isolated from the metal structure and/or appurtenances, their 
useful service life could be increase by > 100 %. Such electrical isolation can be 
achieved by the use of suitable, non-conducting isolation sleeves or seal gaskets 
between the metal parts (female) of the cable connector and the metallic structure to 
which it is attached. This will electrically isolate the whole cable assembly from the 
metal structure whilst still connected to its female connector part. This cuts off the 
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supply of electrons necessary for the oxygen reduction reaction thought to be 
responsible for cathodic delamination.  
 
Isolated test samples that used PR91, whose polymer-to-metal bond-lines were 
unexposed during testing were observed to possess the longest bond resistance (> 2 
years) in seawater immersion trials. This suggests that the absence of a “defect” (i.e. 
exposed metal at the sample edges) via which water and/or ions can diffuse to the 
metal/polymer interface could further enhance bond resistance and life expectancy.  
 
In flowing seawater tank and sea raft exposures, a marked difference in time-to-failure 
was observed between samples tested using ‘‘connected’’ and ‘‘isolated’’ test 
configurations. In the former (connected configuration), an applied potential of -860 
mV vs. Ag/AgCl was observed to increase the rate of failure by > 50 % compared to the 
latter (isolated configuration). Although failure rates were increased (ca. 200 %), test 
configuration (connected or isolated) did not have a marked effect on tests carried out 
using the salt spray test.   
 
The accumulation of corrosion products between the carbon steel beam and the 
underside of “isolated” test samples was observed to have caused electrical shorting 
between the samples and the carbon steel beam. This is believed to be the reason for the 
shift in the open circuit potential of the samples in the negative direction, thus 
enhancing the rate of failures. Although different primers, metal substrates and test 
methods/configurations were used, the results obtained strongly suggest that the applied 
potential introduced in the form of a galvanic coupling of dissimilar metals, had the 
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most dominant effect on the rate failures. Primer and metal substrate types are other 
variables that were observed to have contributed significantly to the rates failure.    
 
Consistent patterns of failure were observed in failed sample interfaces. For the 
“connected” samples, this consisted of a central rectangular island of primer, still 
attached to the metal, surrounded by clean metal regions along the edges of the metal 
plate. For the “isolated samples, a thin primer layer was observed on both metal and 
polyurethane failure interfaces.  The failure modes observed in test samples tested using 
‘‘connected’’ and ‘‘isolated’’ test configurations were characteristic of adhesive and 
cohesive failures, respectively.  While the locus of failure in the former occurred at the 
metal/primer and primer/PU interfaces, in the latter, failure occurred within the bulk of 
the primer. In addition to electrochemical activities occurring at the samples interface, 
both types of failures were observed to have been markedly enhanced by applied 
potentials and the lateral diffusion of species through the edges of the test samples to the 
polymer-to-metal interface.  
 
Test frames, as well as samples, exposed in flowing seawater tank and on the sea raft 
were found to be covered with marine growth and fouling. This is typical for the 
environmental conditions experienced in actual service applications, in which cable 
connector assemblies are laying on the seabed for long periods of time. Whether or not 
these test samples were affected by microbiologically influenced corrosion (MIC), was 
not established.  
 
All connected test samples were observed to have deposits of grey encrustment on the 
undersides of the metal plates, which was shown by x-ray diffraction to be CaCO3. This 
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is typical of cathodically polarised surfaces and is believed to be the result of 
precipitation from sea water due to high local pH at the metal surface. An increase in 
interfacial alkalinity of the metal coupled with the amount of dissolved CO2 and 
Mg(OH)2 in seawater is believed to also enhance carbonate ion concentration and hence 
precipitation of CaCO3 [31,32]. The surface of the carbon steel beam to which the test 
samples were attached was covered with a layer of a brown deposit which was 
identified by x-ray diffraction to be goethite (α FeO(OH)) and lepidocrocite (γ 
FeO(OH)), both being corrosion products of iron.  
 
The general failure patterns of all test samples were identical in all test regimes and no 
grey encrustment (CaCO3) or precipitate was found on the underside of any  “isolated” 
test samples and the samples tested in the salt spray test (connected and isolated). This 
was believed to be due to the potentials not being negative enough to cause the 
production of OH-  at the interface and hence the precipitation of CaCO3. 
 
SEM and EDS analysis of the failed metal interface of PR24 coated samples revealed 
the presence Al rich and C and O rich deposits on the surfaces. A comparison of the 
EDS spectra of an unexposed grit blasted (Al2O3) and coated (PR24) stainless steel 
316L with that of an exposed (seawater) failed sample interface showed a marked 
difference in the elements identified. While the former contained P and Zn peaks, these 
elements were completely absent in the latter and were thought to be related to 
compounds present in the primer (PR24) which could be implicated in the failure 
mechanism(s) of the test samples, this was further investigated in Chapter 5.     
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Chapter 4 
Accelerated cathodic delamination testing 
 
4.1 Introduction 
Accelerated life tests are short-term laboratory, in-situ tests employed for making 
precise and reliable predictions of the long-term performance of materials and products 
[1-3]. The majority of existing accelerated-test procedures and life-time prediction 
models use various short-term laboratory trial methods for ranking material 
performance by comparing their resistance to degradation under test conditions that are 
similar to end-use environments [1]. These tests, however, are not at present sufficiently 
reliable for making accurate predictions of the products or materials long-term service 
life, when used as stand-alone sources of data [1]. Tight product development schedules 
and time-to-market requirements have necessitated the use of elevated stress levels 
and/or high stress-cycles to precipitate failures within a relative short period of time 
[4,5]. It is recommended that tests for individual products should be designed with 
careful consideration given to anticipated failure mode/mechanism(s), primary 
degradation factor(s) and the optimum stress magnitudes required to accurately simulate 
the end-use environment [4-7]. Overstressing of materials beyond their normal 
operating range (design limits), for example testing at too high or too low temperatures, 
could change the material properties and alter the failure mechanism(s) hence impairing 
the relevance of test results [4,5]. Clark et al. suggested that all testing should be carried 
out at stress levels between the material’s or product’s maximum specified or design 
limits [8]. Overstressing could occur if the design limits are exceeded, while testing at 
stress levels that are far below the design limits will lead to poor precipitation and 
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acceleration of failures [8]. Greater acceleration is said to be achieved by conducting a 
large portion of the test at stress levels just below the design limits while greater 
accuracy is obtained by carrying out a large portion of the testing at stress levels close to 
the maximum specification limits [8]. 
 
Polymers are the materials of choice for cable connector sealing and terminations for 
underground and other marine applications [9]. They are cost-effective, easy to use and 
have excellent hydrophobic properties [9,10]. Given impending European legislation 
(REACH and RoHS directives), a significant percentage of polymeric materials used in 
the manufacture of products employed in communication, power systems, IT 
equipment, monitoring and control systems will have to be renewed, replaced or banned 
due to restrictions on the use of certain hazardous chemical substances e.g., high 
mercury PUs [1]. Materials are now required by legislation to meet very high 
expectations in terms of safety, durability, effect on the environment, and life 
expectancy [1,2]. These requirements have brought about rapid development and 
production of new materials [1-3], although their deployment has been very slow due to 
a general lack of confidence in their performance [1]. Before new materials can be 
deployed, design engineers and manufacturers must ensure that the performance and 
safety of the products will not be compromised by any changes in the materials physical 
and/or chemical properties. This requires an understanding of the combined effects of 
the material degradation mechanisms in complex environmental conditions [2,3].  
 
Predicting the long-term performance and the degradation resistance of new materials in 
actual service environments using life-prediction models and accelerated-testing 
procedures has the potential of increasing the deployment of new and more varied 
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materials. Wider products application and improved customer confidence in, and 
reliability of, new materials could also be achieved [3]. The sources of data employed 
for accurate life-time prediction models were highlighted in Chapter 3 as being: (i) 
fundamental mechanistic studies, (ii) short-term, laboratory accelerated ageing studies 
and (iii) long-term outdoor exposure studies [1]. While long-term exposure tests provide 
valuable information about the dominant mode of failure in real-life service 
environments, fundamental mechanistic studies are useful for their ability to 
independently control the intensities of individual weathering factors. They are aimed at 
generating reproducible experimental results, useful for determining fundamental failure 
modes/mechanisms [1]. Such data are useful for predicting service life of any material 
or system [1]. Understanding the interactive effects of polymer degradation 
mechanism(s) in variable environments and applying this in quantitative life-time 
prediction models is a multidisciplinary endeavour requiring materials 
engineers/scientists, chemists and design/mechanical engineers [2]. Although there are 
various accelerated test models and product lifetime prediction methodologies, each is 
specifically designed for a particular product/material and service environment and 
cannot universally serve this purpose for all other products, materials and systems. The 
onus of any accelerated service life test or methodology lays in its ability to identify and 
utilise the strengths of the data sources, integrate the knowledge gained from each and 
establish useful information linkages [1]. 
 
4.1.1 Service life prediction methods  
The service lifetime of materials, systems or equipment is the period prior to which its 
performance degrades below a prescribed value, i.e., total failure or failure to perform at 
a pre-assigned level [11]. Prediction has been defined as “foretelling with precision of 
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calculation, knowledge, or shrewd inference from facts and experience, how a material 
or system will perform over its lifetime in an expected service environment” [2]. The 
two most common techniques for service life prediction of polymeric materials are the 
durability and the reliability-base methodologies [1]. The former utilises data generated 
by exposing one of a duplicate set of nominally identical test samples to short-term 
laboratory testing and the other to long-term exposure trial. It does not consider any 
information from fundamental mechanistic studies. The reliability-base method employs 
a more theoretical approach and considers fundamental mechanistic studies in addition 
to short-term laboratory testing and long-term exposure trials [1]. Having accurately 
generated data from accelerated life tests, a statistical model is usually required to 
translate the time-to-failure distributions into reliable life time estimates for use in 
normal service environments. This sometimes involves the use of complex 
mathematical models and assumptions, which could differ depending on the intended 
application [1,8,12]. The basic approach for the application of the reliability-based 
service life prediction methodology to for single-coat panels has been suggested by 
Martin et al. [1]. In this approach, measurements of the degradation of one or more of 
the key performance characteristics (υ(t)), of the test the samples over time, were 
carried out and then analyzed according to equation 4.1 [1]. 
                 (4.1) 
 
Where υ(t) = value of performance characteristic as a function of time, 
 A = initial value of performance characteristic or state of degradation,  
B = rate of degradation, and 
 t = time of exposure.  
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The values of A and B often vary randomly (for nominally identical test samples) 
between a population of test samples and the degradation function (υ(t)) of a randomly 
selected test sample (Equation 4.2) [1]. 
               (4.2) 
 
For a given failure criterion, υcrit, the distribution of times-to-failure, Tf, can be 
determined mathematically by probability theory using Equation 4.3 [1]. 
 
                  (4.3) 
 
 
Similar methods and models have been employed for other materials, products and 
systems used in different industries [12-15]. 
 
In cable connector assemblies, the polymer-to-metal bond quality for specific end-use 
environments is often considered to be proportional to its cathodic resistance [13]. The 
loss of polymer-to-metal adhesion causes great concern as it can lead to catastrophic 
failures in components, modules, subsystems and devices [13,16,17]. Peel or bond tests 
provide a simple method of assessing polymer-to-metal bond quality and hence cathodic 
delamination resistance [13]. The delamination length, usually defined as the distance 
from the defect (anodic region) to the delamination front (cathodic region), has been 
shown to be proportional to the square root of time, where the constant of 
proportionality is said to be dependent on the concentration and diffusion rate of water 
in the delamination region [13,18]. An initial transition from a logarithmic to a linear 
relationship of the delaminated area with time has been reported in epoxy coated mild 
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steel [19]. There was, however, no recorded data in this work, due to difficulty in 
monitoring and measuring the delamination length as it progressed.  
 
4.1.2 Standard methods for accelerated cathodic delamination tests 
The mechanism of cathodic delamination and the dominant reactions thought to be 
responsible for polymer-to-metal bond degradation have been discussed in Chapters 1 
and 3. The objective of accelerated cathodic delamination test methods is twofold: (i) to 
establish a means for evaluating the comparative cathodic delamination resistance of 
different coating systems used for structures and products which are subject to cathodic 
protection; and (ii) to serve as a useful research tool for providing a better understanding 
of the chemistry and mechanism(s) associated with this type of failure. To achieve the 
first of these objectives, the British Standards Institution has produced two standard 
procedures: (i) BS 3900: Part F10, ‘Determination of resistance to cathodic disbonding 
of coatings for use in marine environment’; and (ii) BS 3900: Part F11, ‘Determination 
of resistance to cathodic disbonding of coatings for use on land-based buried structures’ 
[20]. The latter standard, adapted from the British Gas Corporation’s standard 
BGS/PS/CW6: Part 1, has found wide application both for maritime and buried, land-
based pipelines for oil and gas [21]. Related international standards include ASTM 
G42-96, ‘Standard test method for cathodic disbonding of pipeline coatings subjected to 
elevated temperatures’ [22], ASTM G8-96, ‘Standard test method for cathodic 
disbonding of coatings’ [23], and ASTM B117, ‘Standard practice for operating salt 
(fog) apparatus’ [24]. A number of other proprietary methods exist that have been 
tailored to suit specific products and applications. Thomas et al. carried out accelerated 
tests for cathodic delamination related failures in marine cable connector assemblies and 
produced a standard test method for evaluating polymer-to-metal bonds resistance to 
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cathodic delamination [25-27]. Accelerated cathodic delamination tests are generally 
carried out by subjecting a polymer-to-metal system to electrical stress in an electrolyte, 
hence creating conditions believed to be favourable for cathodic delamination failures to 
occur [20-23]. The electrical stresses are generated by applying a known negative 
potential to the test sample, by using an impressed direct current or by electrically 
connecting the test sample to a more reactive metal (anode), e.g., Zn or Mg. The 
generated potential difference results in surface polarisation of the test samples hence 
creating an environment favourable for cathodic delamination to occur [22,23,26,27]. 
 
Schematics of a typical cathodic delamination test cell set-up is shown in Figure 4.1 and 
a circuit diagram for testing multiple test samples using voltage dividers whilst 
measuring the current flowing in each sample across 1 Ω resistors, is shown in Figure 
4.2. 
                        
Figure 4.1. Schematic of a cathodic delamination test cell, adapted from ASTM G42-96 
[22]. 
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Figure 4.2. Multiple sample circuit diagram for cathodic delamination cell [22]. 
 
4.1.3 Electrochemical cells and techniques  
There are various techniques involving the use of electrochemical cells that have 
customarily been employed in the study of the kinetic and thermodynamic behaviour of 
half-cell reactions; many of these are currently employed in electrocatalysis and 
corrosion research experiments [28]. Most of these techniques, though quite similar, 
have subtle differences and can be broadly grouped into sweep, hydrodynamic and 
pulse or step techniques. 
  
Electrochemical systems are concerned with the processes and factors that affect the 
transport of charge across the interface between chemical phases, e.g., between an 
electronic conductor (electrode) and an ionic conductor (electrolyte) [29]. Since 
electrochemical reactions are accompanied by electrical potential differences between 
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two electrodes, an electrochemical cell serves as a useful tool for the study of polymer-
to-metal surfaces [30,31]. Depending on the application and the type of study, different 
cell designs and experimental assemblies are employed for these analyses [28]. A 
typical electrochemical (voltaic or galvanic) cell, consisting of electrodes in an 
electrolyte, in which a chemical reaction occurs that results in an electric potential 
difference between the electrodes [30,32]. Electrochemical cell set-ups can be either of 
a two- or a three-electrode type, and the electrodes can either be placed in that same or 
in separate cell compartments [28]. The latter cell configuration helps to isolate each 
electrode and is preferred due to its ability to reduce uncompensated resistance and 
minimise interaction between the reactions occurring at each electrode [28]. For 
electrochemical corrosion investigations, set-ups with three electrodes in three different 
compartments are preferred [28]. The three electrodes used are referred to as the 
working electrode (WE), reference electrode (RE) and counter electrode (CE). The WE 
defines the surface under study; the RE is used to maintain a constant reference 
potential, whilst the CE (or secondary, auxiliary) supplies the current to the WE [32].  
 
4.1.3.1 Working electrode 
The WE is the electrode of interest. It could be a small sphere, disc, wire, coated metal, 
metal foil or thin film or other shape. The surface area of the electrode could be large or 
small, although a relatively small area (< 0.24 cm2) is usually recommended for 
laboratory experiments [32]. The useful working range of the WE is dependent on 
multiple electrochemical processes, e.g., oxide or complex formation, hydrogen or 
oxygen evolution and the decomposition of solvents or formation of reactants and 
products [32]. Physically, the working electrode should be designed such that all points 
on the electrode surface are geometrically equivalent, as well as smooth, to facilitate 
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mass transport and an even current and potential distribution with respect to the CE 
[32]. The WE material could be liquid or solid and is usually determined by the system 
under investigation. Examples of common electrodes used include mercury, platinum, 
gold and carbon electrodes [32]. 
 
4.1.3.2 Reference electrode 
The RE is used to provide a fixed potential for the WE during electrochemical 
experiments, and its potential should be independent of the current density at the WE 
[32]. In addition to providing a thermodynamic reference point, the role of the RE is 
also to isolate the WE as the system being investigated [32]. The internationally 
accepted primary potential reference is the standard hydrogen electrode (SHE) [31,32]. 
Other REs include the standard sliver-silver chloride (Ag/AgCl) electrode and the 
standard calomel electrode (SCE) [30]. In potentiostatic experiments, the potential 
between the WE and the RE is controlled by a potentiostat or an external power supply. 
Since the RE has a constant potential, any changes in the electrochemical cell, usually in 
the form of a variation in potential is attributed to the WE [31,32]. Potential variations 
results to the production of current in the external circuit which is a direct effect of 
electron transfer at the electrode/electrolyte interface as electrochemical reactions occur 
[32].  
  
4.1.3.3 Counter or secondary electrode  
 A CE is used to supply the current required by the WE without limiting the measured 
response of the cell [32]. This electrode often has a larger surface area compared to the 
WE to ensure that the half-cell reactions occurring at this electrode are fast enough not 
to limit those occurring at the WE. The CE can be made from a different material than 
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that used for the WE, but it must be chemically inert in the electrolyte. Examples of CE 
materials include platinum wire, stainless steel, copper and aluminium wire [32]. 
 
4.1.4 Aims 
The work in this Chapter is aimed at revealing and understanding the interface 
chemistry and mechanism(s) of cathodic delamination failures in marine cable 
connector assemblies using laboratory-based mechanistic studies. Controlled 
electrochemical bench tests were carried out to supplement the indoor accelerated and 
the outdoor exposure trials, described in Chapter 3. Accumulated experimental data will 
be used to determine the dominant failure modes/mechanism(s) and to establish the 
primary degradation factor(s) involved. The optimum stress magnitudes for accurately 
simulating the end-use environment in the design and production of a specific 
accelerated-life-test regime for marine cable connector assemblies will also be 
determined. 
 
A suitable electrochemical test cell, including a test sample configuration, for carrying 
out accelerated cathodic delamination tests was designed and manufactured. 
Amperometric and potentiostatic electrochemical techniques was used to establish the 
most appropriate and dominant stress factor(s) and levels required to precipitate 
cathodic delamination failures in polymer-to-metal systems used in the sealing of 
marine cable connector assemblies. 
 
The specific aims were (i) to identify the dominant stress factor(s) and levels required to 
replicate failure by cathodic delamination as experienced in actual service conditions; 
(ii) provide a research tool for investigating cathodic delamination  in polymer-to-metal 
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systems; (iii) to correlate failures identified in accelerated tests carried out on selected 
samples using the salt spray cabinet and outdoor exposure trials with failures recorded 
using amperometric electrochemical techniques; (iv) from data obtained select the most 
appropriate test conditions for establishing an accelerated testing regime and 
recommend a testing protocol for the life-time prediction of cable connector assembly 
materials prone to cathodic delamination failures. 
 
A novel accelerated testing chamber and method that allows comparative degradation 
resistance testing of polymer materials and reliable predictions of long-term stability 
and performance of polymer-to-metal composites, used in the manufacture of cable 
connector assemblies, was developed.  Data sourced from different testing regimes was 
used and a novel test protocol for accelerated lifetime testing and prediction was 
designed and implemented.  
 
4.2 Experimental  
Based on the dominant failure modes, stress factors and testing conditions identified in 
the tests trials described in Chapter 3, a cathodic delamination test chamber with 
associated test sample and appurtenances was developed using the ASTM G42-96 and 
the BS 3900: Part F11 as the basis. Two parallel studies were carried out: one consisting 
of test trials using a novel multiple-sample, cathodic delamination test chamber and the 
other using single, nominally identical samples in a luggin capillary electrochemical test 
cell (Section 4.2.6). The latter test was conducted to establish the most appropriate and 
representative accelerated stress factors and levels for simulating the actual product end-
use environment in the former test. Initial test trials using the novel cathodic 
delamination test chamber were also carried out to establish its suitability.  
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4.2.1 Materials  
The metal substrate used for test sample manufacture was stainless steel 316L pipe, 
while permanent moulds were made from aluminium blocks (Aaron Metals and Plastic 
Suppliers Ltd., Bristol, UK). Test vessel lids and sample mounts were made from 
polyethylene blocks and acetal tubes, respectively (Aaron Metals and Plastic Suppliers 
Ltd., Bristol, UK). Silicon carbide grit (Guyson International Ltd., North Yorkshire, 
UK) was used for surface preparation. The primer (PR91) and castable PU material 
(EMC80A) used for test sample manufacture were supplied by Hyperlast (DOW 
Hyperlast, Derbyshire, UK). O-rings, nuts and bolts, 14 AWG insulating wire and 
bronze washers were supplied by RS Components Ltd. (Corby Northamptonshire UK). 
 
4.2.2 Equipment  
Electrochemical amperometric techniques were employed using the Autolab 
Potentiostat/Galvanostat, PGSAT20 with the General Purpose Electrochemical System 
(GPES) software (Version 4.4; Autolab Electrochemical Instruments, Utrecht, 
Netherlands). Grit blasting equipment employed was a Vixen Jetair VM42 blast cabinet 
(Vixen, Stockton on Tees, UK) and surface preparation of metal substrates, priming and 
test sample moulding using the ejection moulding technique (Unipre G31, Unipre 
GmbH, Werl, Germany) were carried out according to standard procedures (PDM 
Neptec Ltd., Alton UK), see Chapter 3. All fabrication and assembly work was carried 
at PDM Neptec Ltd, Alton, UK.    
 
4.2.3 Methodology  
4.2.3.1 Test sample design and configuration The test sample consisted of a stainless 
steel 316L ring, cut and machined from a pipe section, internal diameter 17 mm, 
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external diameter 25 mm and length 7 mm; (Figure 4.3). The rings were washed in 
acetone and grit blasted at 60 psi on a mandrel using SiC grit until an even matt finish 
was obtained. The grit blasted rings were again washed in acetone using a hard bristled 
hand brush to remove loose grit particles and then coated thinly (ca. 15 – 25 µm) with 
PR91 primer. Coated samples were allowed to dry for 2 h prior to moulding in 
permanent aluminium moulds using castable PU plastic. Figure 4.4 shows a cut and 
machined stainless steel 316L ring prior to grit blasting and Figure 4.5 shows the 
moulding process of the ring samples in permanent aluminium moulds. The finished 
product (moulded test samples) consisted of the stainless steel 316L ring coated with 
PR91 primer and moulded with PU plastic such that a curved surface area of 79 mm2 of 
the steel was exposed (Figure 4.6(a)), and 470 mm2 was coated and bonded to PU. The 
sample also had an un-bonded PU tube at one end, used for mounting the sample onto 
the acetal test sample mount (Figure 4.6(b)). A schematic of a cross section of the test 
sample is shown in Figure 4.7. 
 
 
Figure 4.3. Drawing of the stainless steel 316L ring used for sample preparation. 
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Figure 4.4. Stainless steel 316L ring before grit blasting, priming and moulding.  
 
 
Figure 4.5. Photogtagraph showing parmanent aluminium mould being filled with PU 
during sample manufacture.   
 
 
            
                                      (a)                                                         (b) 
Figure 4.6. Moulded test sample showing (a) 79 mm2 exposed end of the stainless steel 
ring and (b) area of electrical contact with bronze washer (black arrow) and un-bonded 
PU tube (white arrow).   
 
Area of electrical 
contact   
PU tube 
79 mm2 exposed edged   
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Figure 4.7. Schematic of a cross section of the moulded stainless steel test sample. 
  
4.2.4 Design and configuration of test sample-mount  
The test sample mount held the test sample in the electrolyte and was made from a 25 
mm external diameter × 245 mm long acetal tube. The tube was internally electrically 
wired using a 14 AWG insulating wire attached to a bronze washer at one end (to 
provide electrical contact with the test sample) and at the other end to a banana plug (for 
electrical connection to equipment, Figure 4.8). In addition to electrically connecting the 
test sample to the anode and/or power supply via an electrical control panel, the sample-
mount also supplied a low air pressure (< 20 psi) input for exerting a force on the 
polymer-to-metal bond-line to detect test sample failures (as air pressure leaks) during 
testing.  
 
                     
                             (a)                                                                         (b) 
Figure 4.8. (a) Acetal test sample mount and banana plugs for connecting to equipment 
and (b) wired bronze washer for electrical contact with test sample. 
 
Bronze washer  
Banana plug  
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Figure 4.9. Photograph showing test sample-mount and accessories. 
 
 The test sample was mounted on the sample-mount by sliding the un-bonded PU tube 
unto the acetal tube such that the bronze washer made electrical contact with the inner 
face of the stainless steel ring in the moulded test sample (Figure 4.10). The sample was 
then tightly clamped to the probe using a nylon sealing clip and an end-cap to avoid air 
leaks (Figure 4.11). 
 
   
 
Figure 4.10. Photographs (a) - (d) illustrating how the test sample was mounted onto 
the acetal sample-mount; 1 = test sample; 2 = sample mount; 3 = end cap.  
Sealing clip End cap  
Test sample  Acetal tube 
sample mount  
1 2 
2 1 
1 
2 3 
3 
(a) (b) 
(c) (d) 
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Figure 4.11. Photograph of mounted and clipped test sample.  
 
4.2.5 Cathodic delamination test cell design 
The cathodic delamination test cell consisted of a 300 mm diameter × 300 mm deep, 20 
L capacity tempered glass vessel that was able to withstand temperatures of up 60 °C. 
The glass vessel was covered with a polyethylene lid which was fitted with a recessed 
foam seal to allow the lid to sit on the rim of the glass vessel (Figure 4.12). The test 
samples, anode, RE and other components were suspended from the polyethylene lid 
through 48 mm and 40 mm diameter holes drilled into the polyethylene lid and fitted 
with o-ring sealed adaptors. The vessel pressure was controlled by inlet and outlet vents, 
and the outlet vent was connected to a hose that was positioned near a hydrogen gas 
sensor located above the test vessel area. Test samples were mounted on the sample 
mount and suspended vertically through the lid into the glass vessel. Eight samples were 
placed such that their end-caps were located about 25 mm from the bottom of the 
vessels, 13 mm from the wall of the glass vessel and 38 mm from each other [22,23]. A 
vertically suspended zinc anode was centrally placed at an equal distance (ca. 38 mm) 
from each test sample (Figure 4.12). The RE (Ag/AgCl) was placed in the vessel at a 
separating distance of ca. 38 mm from the anode and the test samples. The vessel was 
then filled with an appropriate electrolyte (3.5 w/v % NaCl) while the high temperatures 
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(when required) were achieved using an overhead immersion heater (300 W). 
Electrolyte circulation around the test samples was achieved using a magnetic stirrer 
(Figure 4.12). Test samples were connected to the anode and power supply and adjusted 
via a rheostat until the potential between the test samples and RE was -1.5 V (Figure 
4.2). Currents were measured across 1 Ω resistors connected to each sample.  
 
 
4
3
2
1
5
6
7
8
Test samples
Test vessel lid
Centrally located anode 
RE (Ag/AgCl) 
Test vessel 
Anode
Magnetic stirrer 
Test sample
RE (Ag/AgCl) 
Test sample 
 
Figure 4.12. Schematic of the three-electrode, one-compartment cathodic delamination 
test cell. 
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(a)                                                    (b) 
 
Figure 4.13. Photographs of the one compartment cathodic delamination test cell, 
designed and built in this work, showing (a) rigged-up test vessel and (b) test cell 
electrical control panel.  
 
4.2.6 Potentiostatic experiments 
Chronoamperometry was used, whereby the potential of the WE was stepped from an 
initial potential to a final potential and the corresponding current response measured 
with time. Potentiostatic measurements were carried out using the Autolab 
Potentiostat/Galvanostat PGSAT20. A three-electrode, three-compartment glass H-cell 
was used (Figure 4.14) to avoid or minimise the interactions between reactions taking 
place at individual electrodes. The cell compartments were connected via a glass 
electrolytic bridge and a luggin capillary tube. All experiments were carried out in NaCl 
(3.5 w/v %; AR grade) solutions (pH 7.0 ± 0.2; distilled water). The use of a neutral 
electrolyte avoided simple diffusion effects experienced in higher pH media that could 
erroneously affect cathodic delamination results [33]. The WE was a grit blasted 
stainless  steel 316L ring sample coated with PR91 primer and overmoulded with 
castable PU plastic (Section 4.2.3.1), the CE was platinum gauze (79 mm2) and the RE 
was an Ag/AgCl electrode (Radiometer Analytical, Cedex France). The WE had an 
exposed edge with an external surface area of 79 mm2 and was placed in the middle 
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compartment of the glass H-cell, which was connected to the CE and RE compartments 
via a glass bridge and a luggin capillary tube, respectively (Figure 4.14). The WE was 
positioned close to the tapered tip of the glass luggin capillary to enable potentials close 
to the WE to be measured with minimal error due to uncompensated solution resistance 
[32]. NaCl solution (3.5 w/v %) was then gently poured into the cell until all electrodes 
were fully immersed in the electrolyte after which the WE was, immediately, polarised 
to the desired potential. The WE current was measured as a function of time, at 60 s 
intervals, for the duration of the test. Each test sample was potentiostatically treated for 
5 days at -50 mV incremental set potentials between -300 mV and -1000 mV, and at  
-1500 mV vs. Ag/AgCl. To fully understand the effect of cathodic potentials, test 
samples were also polarised at selected anodic potentials. A new WE (test sample) and 
fresh electrolyte was used for each potentiostatic test, whilst the RE was refreshed in 
between measurements using saturated KCl and/or KCl crystals (fine-grained AR 
grade). The platinum gauze CE was cleaned in between measurements by flaming in a 
Bunsen burner. The test sample was intermittently subjected to low internal air pressure 
tests to determine the extent of delamination, although the entire delaminated area was 
determined at the end of the test by cutting the test sample with a scalpel. All 
measurements were conducted at 22 ˚C.    
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Figure 4.14. Schematic of the three-electrode, three-compartment electrochemical glass 
H-cell used for the experiments.  
 
4.3 Results and discussion  
Potentiostatic current-time (I-t) transients in NaCl (3.5 w/v %) for stainless steel 316L 
coated with PR91 primer and overmoulded with PU plastic were recorded. At -300 mV 
vs. Ag/AgCl, the I-t transient curve increased in the positive direction and levelled out 
at zero µA mm-2 (Figure 4.15). This trend was also observed for all tests carried out at 
set potentials between -300 mV and -1000 mV vs. Ag/AgCl (superimpose on each 
other, Figure 4.15). The delaminated area was observed to increase with applied 
potential and progressed directionally (inwards) from the edges of the exposed test 
samples (79 mm2) towards the unexposed and bonded regions (471 mm2) of the sample. 
Although the I-t transient curves for test samples exposed at applied potentials of -300 
mV and -350 mV vs. Ag/AgCl levelled out at zero µA mm-2, no measurable 
delamination was evident (Figure 4.16). Similar I-t curves for nominally identical test 
samples exposed at applied potentials from -400 mV to -1000 mV vs. Ag/AgCl 
recorded varying degrees of delaminated area (Table 4.1 and Figure 4.17).  
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Figure 4.15. I-t transient for stainless steel coated with PR 91 and over moulded with 
PU exposed at applied potentials of -300 to -1500 mV vs. Ag/AgCl.  
 
 
 
Figure 4.16. Photograph of test sample showing no visible or measurable delaminated 
area after exposure in NaCl (3.5 w/v %) at -300 mV vs. Ag/AgCl for 5 days.  
 
The onset of measurable cathodic delamination was observed after 5 days of immersion 
in NaCl (3.5 w/v %) at -400 mV vs. Ag/AgCl. The polymer-to-metal interfaces revealed 
regions of polymer de-adhesion characterised by unbounded metal and PU/primer 
interfaces (Figure 14.17, white arrows). The total delaminated area at this potential was 
118 mm2 and the delamination was observed to proceed inwardly at the interface 
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starting from the 79 mm2 exposed/unbonded area at the edges of the sample in the 
direction of the arrows (Figure 4.17). 
 
       
                                    (a)                                                       (b) 
Figure 4.17. Photograph of test samples showing delaminated area after exposure in 
NaCl (3.5 w/v %) at (a) -400 mV and (b) -450 mV vs. Ag/AgCl for 5 days.    
 
A similar trend in polymer-to-metal de-adhesion was observed for test samples tested at 
-450 mV to -1000 mV vs. Ag/AgCl  with the exception of the test sample at -500 mV 
vs. Ag/AgCl . The failed surfaces revealed the delaminated regions of the test samples 
and were generally characterised by a relatively clean metal surface, a PU interface 
covered by a thin layer of the coating (PR91) and no obvious metal dissolution being 
observed. The delaminated area was observed to increase as the applied potentials were 
made more negative (-700 mV to -850 mV vs. Ag/AgCl; Figure 4.18). Figures 4.18(a) 
and (b) show the delaminated areas comprising of a failed metal interface (black 
arrows), the failed PU interface (red arrows) and intact polymer/metal interface (white 
arrow). Figures 4.18(c) and (d) show a completely delaminated test sample after 
exposure at -800 mV and -850 mV vs. Ag/AgCl, respectively. Cathodic delamination 
appears to occur underneath the coating at the metal-to-primer interface, progressing 
from the exposed edges (79 mm2) of the test samples underneath the metal/primer 
interface, possibly through the lateral diffusion of ions from the saline electrolyte or by 
electrochemical activities occurring at the polymer-to-metal interface or both.  
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Figure 4.18. Photographs of failed test samples showing failed metal interface (black 
arrows), failed PU/primer interface (red arrows) and intact interface (white arrows) for 
samples exposure at (a) -700 mV, (b) -750 mV, (c) -800 mV and (d) -850 mV vs. 
Ag/AgCl.   
 
In the test sample exposed at -500 mV vs. Ag/AgCl, the failure interface was 
characterised by two different mechanisms: failure at the metal/primer interface and 
failure at the primer/PU interface (Figure 4.19). In the former, the failed region was 
characterised by a relatively clean metal failure interface and a PU interface covered by 
a thin layer of primer. The opposite occurred in the latter, where the metal interface was 
covered by a thin layer of primer and the PU failure interface was relatively clean 
(Figure 4.19(a) and (b) white arrows). 
 
 
(a) (b) 
(c) (d) 
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(a)     (b) 
 
Figure 4.19. Photograph of test sample showing delaminated area after 5 days exposure 
in NaCl (3.5 w/v %) at -500 mV vs. Ag/AgCl, showing (a) metal interface comprising 
of regions of metal/primer (black arrows) and primer/PU (white arrows) interface 
failure and (b) metal interface (black and white arrows) and PU mirror image (black and 
red arrows) of the metal surface.    
 
The I-t transient curves obtained at different potentials were characterised by an initial 
surge of current density followed by a rapid current density decay to zero µA mm-2 
(Figure 4.15). The magnitude of the initial surge current density was found to be 
dependent on the potential and the values generally increased gradually from  
-8.30×10-6 µA mm-2 to -2.82 × 10-6 µA mm-2 for potentials between -300 mV and -850 
mV vs. Ag/AgCl, and a subsequent reduction from set potentials between -900 mV and 
-1000 mV vs. Ag/AgCl (Figure 4.20). A sharp decrease of -1.55 × 10-6 µA mm-2 in the 
initial surge current density values was also observed at -500 mV vs. Ag/AgCl. The 
largest magnitude of initial surge current density, (-2.82 × 10-6 µA mm-2) was observed 
at applied potential of -850 mV vs. Ag/AgCl (Figure 4.20). 
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Figure 4.20. Plot of initial surge current density vs. applied potential. 
 
Table 4.1. Measured delaminated area at set potential. 
Potential / 
mV vs. 
Ag/AgCl 
Delaminated area / 
mm2 
Exposure time /  
days 
-300 0 5 
-350 0 5 
-400 118 5 
-450 157 5 
-500 236 5 
-550 314 5 
-600 314 5 
-650 353 5 
-700 236 5 
-750 275 5 
-800 306 5 
-850 353 5 
-900 393 5 
-950 432 5 
-1000 471 3 
-1500 471 3 
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In the I-t response curves, the initial current density surge can be attributed to the 
charging of the WE double-layer, during which electrons supplied to the WE (test 
sample) cause a response in the diffuse mobile layer of charged ions in the electrolyte. 
The subsequent current density decay could be associated with electron transfer due to 
electrochemical reactions occurring at the electrode. These simultaneous current 
responses were observed to be dependent on the potential. They were also found to have 
varying effects on the extent and rate of delamination at the polymer-to-metal surface. 
The delaminated area was observed to increase as the applied potentials were made 
more negative (Table 4.1). Potentials that were slightly positive (-300 and -350 vs. 
Ag/AgCl) relative to the equilibrium potential of the test samples (-400 ± 50 mV vs. 
Ag/AgCl) were observed to have lower values of initial surge current densities, with 
minimal or no measurable delaminated area. Similar current densities of magnitude < 1 
µA cm-2 for iron at applied potentials below -600 mV vs. Ag/AgCl have been observed 
[33,34]. The minimal delamination observed at these potentials was thought to be 
explained by the fact that the corresponding current densities were not sufficient to 
cause the reduction and/or oxidation of electro-active species at the WE interface. A 
plot of the delaminated area vs. applied potentials for test samples having a total bonded 
area of 471 mm2 is shown in Figure 4.21. No measurable delamination was observed at 
-300 and -350 mV vs. Ag/AgCl (Figure 4.21). The onset of measurable delamination 
was observed at -400 mV vs. Ag/AgCl and a steady increase in delaminated area with 
increasing negative applied potentials was observed at potentials between -400 and -650 
mV vs. Ag/AgCl. A sharp decrease in delaminated area at -700 mV vs. Ag/AgCl, 
followed by an increase at potentials between -700 and -1000 mV vs. Ag/AgCl was 
observed. 
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Figure 4.21. Plot of delaminated area vs. applied negetive potentials for stainless steel 
316L test samples coated with PR91 and overmouled with PU.  
 
Potentials negative to the equilibrium potential of the test samples (-400 ± 50 mV vs. 
Ag/AgCl) are most likely to result in reduction reactions at the WE. Applied potentials 
of -300 mV to -850 mV vs. Ag/AgCl cause current responses whose magnitudes were, 
in general, directly proportional to the applied potentials. The magnitude of the current 
reached a peak at -850 mV vs. Ag/AgCl but was then reduced at potentials between  
-900 mV to -1000 mV vs. Ag/AgCl. The delaminated area was observed to generally 
increase with applied potential and appeared not to be affected by the variations in the 
magnitudes of current density. Since all electrochemical activities occurring at the WE 
are believed to be accompanied by a current response, the onset of these activities will 
occur at or near the WE interface. The interface is believed to include only a thin layer 
above the metal WE (test sample) surface, comprised of the grit blasted stainless steel 
316L surface coated with the primer (PR91). This region also has a higher concentration 
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of species and/or oxidants than the surrounding bulk solution (NaCl). When the EDL of 
the WE interface is charged, reduction and/or oxidation of complex species occur. 
These electrochemical activities are believed to be responsible for the accompanying 
rapid increase in the reduction current observed.  The reduction of active species being 
the predominant reaction occurring at the cathode (WE) will result in a quick depletion 
of the high concentration of ions and active species (oxidants) present at the interface 
region. The consequences of this are the onset of ion diffusion from the surrounding 
bulk electrolyte to the interface and a subsequent decrease in the current density 
levelling at zero µA mm-2.  
 
Although it was difficult to entirely relate the current densities to the delamination rate, 
it is justifiable to state that the magnitude of the current density played an important role 
in the initiation of electrochemical processes at the interface leading to accelerated 
cathodic delamination failures. A schematic of a model of the test sample interface in 
Figure 4.22, shows zones 2 and 3 representing the WE interface region where 
electrochemical activities occur. The interfacial region of interest comprises of grit 
blasted stainless steel 316L substrate that is covered by oxide layer(s) and/or other 
extraneous material (e.g., grit particles and dirt) followed by a layer of primer (PR91). 
Due to the self-passivating nature of stainless steel 316L, the probable oxides present at 
the interface include oxide-rich layers of chromium oxide (Cr2O3), chromium spinels 
(e.g., MnCr2O3 and FeCr2O3), and iron oxide (Fe2O3). Also present at the interface are 
extraneous materials (e.g., Al2O3 or SiCrich grit particles), CaCO3; identified in Chapter 
3 as a constituent of the primer (PR91), and other organic and inorganic compounds. 
Polarising the test sample using applied potentials, which were slightly more positive  
(-300 mV and -350 mV vs. Ag/AgCl) to the equilibrium or open circuit potential (-400 
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mV ± 50 mV vs. Ag/AgCl), caused the oxidation of species at the interface, with 
minimal current density and hence minimal delamination.  
 
 
 
Figure 4.22. Model test sample interface comprising of different zones. 
 
Conversely, polarising the test sample using applied potentials that are negative (< - 450 
mV vs. Ag/AgCl) to the equilibrium or open circuit potential (-400 ± 50 mV vs. 
Ag/AgCl), resulted in the reduction of the active species present at the interface and the 
production of current densities large enough to initiate and propagate cathodic 
delamination failures. When the test sample was  polarised in the negative direction,  
cathodic delamination of the polymeric material from the metal surface occurred 
through the following steps: (i) cathodic reduction of oxidants and species present at the 
polymer/metal interface; (ii) cathodic reduction and diffusion of ions and species to the 
polymer/metal interface following depletion of ions and species at the interface due to 
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step (i); and (iii) cleavage of polymer-to-metal bonds due to instability of the oxide 
layer and/or the hydrolysis of polymer as a consequence of steps (i) and/or (ii). As 
mentioned in Chapter 1, there are different views regarding the exact mechanism(s) that 
leads to the loss of adhesion. The possible cathodic reduction reaction(s) that occurred 
in steps (i) and (ii) are as follows: the CaCO3 content of primer (PR91) may go into 
solution and combine with Na+ and Cl- ions in electrolyte to form CaCl2 and Na2CO3. 
These can recombine to form CaCO3 precipitate at the interface (Equation 4.4). The 
presence of different salts at the interface could unfavourably alter the pH at the 
interface and cause the hydrolysis of the polymer and/or metal oxide layer dissolution 
leading to adhesion loss.   
 
CaCl2(aq) + Na2CO3(aq) → 2NaCl(aq) + CaCO3(s)         (4.4) 
 
The cathodic reduction of chromium oxide (Cr2O3) and/or Fe2O3 at the metal interface 
is also highly likely to occur. It is well known that passive films on metal surfaces are a 
system in dynamic equilibrium whose stability is dependent on various factors including 
applied potential, pH and the electrolyte [35-37]. Schmuki et al., found no material loss 
or dissolution of Cr2O3 at cathodic potential steps for alloys containing up to 10 – 20 % 
Cr, but observed a change in the oxidative state of Fe due to the reduction of Fe3+ to 
Fe2+ [36,38]. This occurred through solid state initial conversion of Fe2O3 to a lower 
valent oxide followed by dissolution (Equation 4.5). Since no obvious metal/metal-
oxide dissolution was observed at the interface, it can be surmised that cathodic 
reduction potentials between -300 mV and -1000 mV vs. Ag/AgCl is not accompanied 
by any reductive dissolution of the dominant Cr2O3 oxide layer of stainless steel 316L.  
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Fe2O3 → Fe3O4 → Fe2+ (aq)           (4.5) 
 
Delamination in this case could be attributed the reduction and dissolution of the Fe2O3 
content of the oxide film on stainless steel 316L. Though a minor component of the 
oxide film, the reduction of Fe3+ to Fe2+ (Equation 4.5) could undermine the structure 
and stability of the oxide film and lead to polymer-to-metal adhesion failures or 
delamination. The aforementioned strongly suggest that Fe2O3 dissolution from the 
Cr2O3 rich surface oxide film on stainless steel 316L is responsible for the loss of 
adhesion at potential between -300 mV and -1000 mV vs. Ag/AgCl.  
 
Another possibility is the effect of adsorbed water or moisture on the polymer/metal 
interface. Moisture can cause a wide range of effects, including polymer plasticisation, 
hydrolysis, oxidation and microstructural damage. Grujicic et al., in a recent review, 
attributed the loss of adhesion to a chemical reaction between adsorbed water and the 
OH functional groups of the polymer as one of the possible failure mechanism(s) [39]. 
Although the diffusion of ions from the bulk of the electrolyte to the test sample 
interface was earlier suggested following the depletion of ions and species, the exact 
mechanism(s) of bond cleavage as a result of this has not yet been established. The 
failed interface of the test sample subjected to -500 mV vs. Ag/AgCl exhibited a 
transition in the failure mechanism from one occurring at the metal/primer interface to 
one occurring at the primer/PU interface (Figure 4.19). Although the reason for this 
transition is not fully understood, the reversibility of the loss of adhesion observed in 
the primer/PU interface region following drying suggests plasticisation of the primer 
(PR91) [39]. 
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The oxygen reduction mechanism of failure (Chapter 1) remains one of the most 
favoured explanations, among researchers, for adhesion loss. The supply of electrons, 
characteristic to cathodically polarised surfaces, is thought to create an environment 
where water and oxygen are reduced at the interface resulting in the production OH- 
ions (Equations 4.6 and 4.7). This leads to increased interfacial pH, which is thought to 
be responsible for adhesion loss via the hydrolysis of polymer at the interface [40-45]. 
 
O2 + 2H2O + 4e- → 4OH-                                            (4.6) 
 
2H2O + 2e- → H2 + 2OH-                                          (4.7) 
 
These reduction reactions (Equations 4.6 and 4.7) could have been initiated when 
potentials were applied in the negative direction and the depletion of species and/or 
production of OH- ions at the interface may have lead to the creation of a concentration 
gradient and the diffusion of cations to the interface from the electrolyte via the edges of 
the test sample. The directional progress of delamination observed in the failed test 
samples suggests that failure was predominantly due to the lateral diffusion of cations 
from the bulk electrolyte to the polymer/metal interface following the depletion of 
species at the interface. These findings are consistent with the recent work of Sorensen 
et al., where the primary route for cation transport to the hydroxyl rich polymer/metal 
interface was found to be along the coating-steel interface [45]. 
 
Anodic polarisation of the test samples at selected positive potentials (+700 mV and 
+1000 mV vs. Ag/AgCl) was characterised by high initial current densities and a 
subsequent decay to zero µA mm-2 (Figure 4.23). Although the I-t transients both level 
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out at 0 µA mm-2, this occurred at a faster rate for samples set to +1000 mV as 
compared to +700 mV vs. Ag/AgCl. 
 
  
Figure 4.23. I-t transients for stainless steel 316L coated with PR 91 and over moulded 
with PU exposed at set potentials of +700 mV (blue) and +1000 mV (red) vs. Ag/AgCl. 
 
The failure surfaces of the test samples revealed a markedly pitted shiny metal surface, 
while the PU failure interface was covered by a layer of the primer (PR91) (Figure 
4.24). In addition to high positive current densities (2.62 × 10-3 and  
4.86 × 10-3 µA mm-2, respectively), there was also an immediate colour change in the 
NaCl electrolyte from a colourless clear solution to a dark green/black solution due to 
the electrochemical reactions and/or dissolution of metal and polymeric materials at the 
test sample interface. The experiments were characterised by dark green and brownish 
or rust like deposits at the bottom of the electrochemical cell and delamination was from 
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the edges of the test sample. Metal loss was observed to be more pronounced at the 
edges of the test samples compared with the interface (Figure 4.24(b)).  
 
                
                            (a)                                                           (b) 
 
Figure 4.24. Photographs of test samples showing (a) delaminated metal and polymer 
interface and (b) badly pitted failed metal edges and interface regions after exposure in  
NaCl (3.5 w/v %)  at an anodic potential of +700 mV vs. Ag/AgCl  for 3 days.    
 
 
                   
                           (a)                                                              (b) 
 
Figure 4.25. Photographs of test samples showing (a) delaminated metal and polymer 
interface and (b) badly pitted failed metal interface after exposure in NaCl (3.5 w/v %) 
at an anodic potential of +1000 mV vs. Ag/AgCl for 3 days.    
 
The initial large current density observed at the onset of anodic polarisation was 
associated with the oxidation of species at the metal interface. Increased current 
densities during anodic polarisation of Cr2O3 have been reported [36-38]. This current 
density is also believed to be associated with charging of the electrical double layer and 
electrochemical activities occurring at the metal interface. The most probable reactions 
occurring are the oxidative dissolution of Cr3+ to Cr6+ at potentials below oxygen 
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evolution (Equation 4.8 and 4.9) and the simultaneous loss of iron as evident in the 
highly pitted test sample (Figures 4.24 and 4.25). 
 
Cr2O3 + 5H2O → 2CrO42- + 10H+ + 6e-        (4.8) 
2CrO42- + 2H3O+ → Cr2O72- + 3H2O         (4.9) 
 
Therefore, it is clear that at anodic potentials of +700 mV and +1000 mV vs. Ag/AgCl, 
delamination is caused by oxidative dissolution of Cr2O3 and Fe2O3 oxide films leading 
to marked metal loss at the polymer/metal interface.  
 
In relation to the cathodic delamination test cell (Section 4.2.5), moisture (seawater) 
will be considered as the primary weather degradation factor for cathodic delamination 
at temperature of ca. 22 °C. Although the end-use environment could be influenced by 
other climatic and marine conditions, e.g., light, extreme temperatures and biological 
attacks, tests in artificial or natural seawater is highly recommended as a  
“representative” end-use environment. The primary acceleration factor for cathodic 
delamination will be the applied potentials (mV) at which the onset of cathodic 
delamination failure was observed. Since no delamination was recorded at -300 and  
-350 mV vs. Ag/AgCl, this potential is ca. ≥ -400 mV in the negative direction. 
Potentials more positive than this will cause under-stressing, which will result in a poor 
precipitation and acceleration of the failure mechanism(s). The maximum limit for 
applied negative potential should be carefully determined from the knowledge of the 
dominant reaction mechanism(s) and/or the locus of failures and potential in the actual 
end-use environments. Where zinc anodes are used and in the end-use environment, 
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potential in the test cell should be limited to the equilibrium potential of Zn (ca. -1000 
mV vs. SCE).  
 
Initial test trials in the cathodic delamination test cell were at the time of this report 
ongoing (at PDM Neptec Ltd., Alton, UK), and a full test protocol was yet to be 
established.       
 
With respect to the lateral diffusion of ions and species being the possible rate-
determining step in the cathodic delamination of the tested samples, these results 
prompted the  manufacture of test samples on which V- shaped grooves were machined 
into the stainless steel 316L surface prior to grit blasting, priming and over-moulding 
with PU. The introduction of a macro surface topographic feature (V grove) to 
complement micro surface irregularities created by grit blasting was observed to reduce 
the rate of delamination. Although there were no differences in the I-t transients curves, 
sample exposed at -650 mV vs. Ag/AgCl, showed failure interfaces characterised by 
three regions: (i) meta/primer failure (white arrow), (ii) V grove region with no failure 
(red arrows) and (iii) primer/PU failure interface, yellow arrow (Figure 4.26).  
 
             
                            (a)                                             (b) 
 
Figure 4.26. Photographs of test samples showing V groove regions (a) delaminated 
metal and polymer interface and (b) failed metal interface after exposure in NaCl (3.5 
w/v %) at potential -650 mV vs. Ag/AgCl for 5 days.    
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The intact metal/polymer interface (V grove region) with metal/primer and primer/PU 
failure interfaces on either side (Figure 4.26) suggest that ion migration from the bulk 
electrolyte plays a significant role in metal/primer adhesion failure. The locus of failure 
transited to the primer/PU interface.   The effect of surface tortuosity factor on cathodic 
delamination and the dependence of the kinetics of delamination on the interfacial path 
length and the diffusion of species along the metal/primer interface has been 
investigated [45,47]. Watts et al. observed that the early stages of cathodic delamination 
were characterised by the reduction of the substrate and the locus of failure passing 
from the metal/oxide interface to oxide/polymer interface [45]. The introduction of a V 
grove was observed to have caused a reduction of ca. 22 % in the delaminated area at  
-650 mV vs. Ag/AgCl.  
 
4.4 Conclusions 
Applied potentials were found to have a marked effect on the cathodic delamination rate 
and mechanism(s). For cathodic potentials, delaminated areas were observed to increase 
as the potentials were increased in the negative direction of the equilibrium potential of 
the test sample. At applied potentials of -300 mV and -350 mV vs. Ag/AgCl, no 
measurable delamination was observed. The minimal or absence of delaminated area 
observed at these potentials was thought to be due to the corresponding current densities 
not being sufficient in magnitude to cause the reduction and/or oxidation of the electro-
active species at the WE interface. The onset of measurable delamination was observed 
at -400 mV vs. Ag/AgCl while varying degrees of delaminated area were recorded for 
nominally identical test samples exposed at applied potentials from -400 mV to -1000 
mV vs. Ag/AgCl.   
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Polarising the test sample using applied potentials which were slightly more positive  
(-300 mV and -350 mV vs. Ag/AgCl) than the samples equilibrium or open circuit 
potential (-400 mV ± 50 mV vs. Ag/AgCl), caused the oxidation of species at the 
interface, with minimal current density and hence minimal delamination. These results 
were identical to those obtained for samples tested using “isolated” (-230 to -163 mV 
vs. Ag/AgCl) test samples configurations which recorded reduced delamination rates in 
seawater exposures (Chapter 3).  
 
At more positive potentials, the oxidative dissolution of Cr3+ to Cr6+ at potentials below 
oxygen evolution and the simultaneous loss of Fe from the surface were thought to be 
the cause of delamination. At anodic potentials of +700 and +1000 mV vs. Ag/AgCl, 
delamination was thought to be due to the oxidative dissolution of Cr2O3 and Fe2O3 
oxide films leading to marked metal loss at the metal/polymer interface.  
 
Polarising the test samples using applied potentials that were negative (< - 450 mV vs. 
Ag/AgCl) relative to the equilibrium or open circuit potential (-400 ± 50 mV vs. 
Ag/AgCl), resulted in the reduction of the active species present at the interface and the 
production of current densities large enough to initiate and propagate cathodic 
delamination failures. Higher rates of failure at similar potentials (-860 mV vs. 
Ag/AgCl) were recorded in samples tested using “connected” test sample configuration 
(Chapter 3).  
 
Cathodic potentials caused delamination failures with no observable metal dissolution 
while marked pitting and metal loss was observed for selected anodic potentials (+700 
and +1000 mV vs. Ag/AgCl). Failure was observed to be largely due to lateral diffusion 
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of ions starting from the exposed edges of test samples via the polymer/metal interface. 
Downward diffusion of ions through the PU/primer surface was highly unlikely in these 
systems due to the  low water absorption (2.1 %; 1000 h at NTP) characteristic of the 
PU (EMC 80A). Although the current densities were observed to generally increase 
with applied potential, there was no correlation between the current densities and 
delaminated areas. 
 
The I-t transient curves were characterised by large initial current densities and a 
subsequent decay to zero µA mm-2 with time. The former was due to the charging of the 
EDL and/or the electrochemical reduction/oxidation of species at the metal/polymer 
interface while the later was attributed to the depletion of active species at the interface 
and the onset of ion diffusion to the metal/polymer interface. It was concluded that 
applied potential markedly influenced cathodic delamination failures by initiating 
electrochemical processes and/or reactions that lead to polymer-to-metal adhesion loss.  
 
The results suggested that the instability of the oxide layer and metal loss from the 
stainless steel 316L surface, caused by the reduction of Fe3+ to Fe2+ and/or the oxidation 
of Cr2O3 to CrO42- and then to Cr2O72-, respectively at the interface, were the most 
favourable failure pathways at potentials positive to the equilibrium potential of the test 
sample. At potentials more negative to the equilibrium potential of the test samples, no 
obvious metal loss was observed. The cathodic reduction of Cr2O3 at the metal interface 
was also highly unlikely since no obvious metal/metal-oxide dissolution was observed 
at the interface. It was concluded that at cathodic reduction potentials -300 mV to -1000 
mV vs. Ag/AgCl, no reductive dissolution of the dominant Cr2O3 oxide layer of 
stainless steel 316L occurred. Delamination was due to Fe2O3 dissolution from the 
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Cr2O3 rich surface oxide film on stainless steel 316L. Though a minor component of the 
oxide film, the reduction of Fe3+ to Fe2+, could undermine the structure and stability of 
the oxide film and lead to polymer-to-metal adhesion failures or delamination. 
 
The precipitation of CaCO3 from the electrolyte at negative potentials or from the 
CaCO3 content of the primer (PR91) may also occur at the interface. The presence of 
different salts at the interface could unfavourably alter the pH at the interface and cause 
the hydrolysis of the polymer and/or the dissolution the metal oxide layer, hence, 
leading to adhesion loss. Interfacial pH could also be increased by the production of 
OH- via the oxygen reduction reactions.  
 
The introduction of a macro surface topographic feature (V groves) to complement 
micro surface irregularities created by grit blasting (Chapter 2) was observed to reduce 
the rate of delamination. The delaminated area was reduced by ca. 22 % in samples 
treated at -650 mV vs. Ag/AgCl. This reduction was thought to be due the introduction 
of macro and micro tortuous paths for the diffusion of cations to the OH generation 
sites. Macro mechanical interlocking could also be a contributory factor. Further work 
needs to be carried out to fully explore this observation.  
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CHAPTER 5  
Chemical composition and interaction of selected 
primers with stainless steel 316L  
 
5.1 Introduction  
In spite of remarkable improvements in coating formulations and technologies, organic 
coatings and other polymeric materials used to protect metal surfaces against corrosion 
have continued to experience failures while in service environments [1]. Considerable 
research on coating degradation has been carried out over many years, and significant 
advances have been made in understanding the mechanism(s) and mode(s) of failure [2-
10]. The mechanism(s) of cathodic delamination failures have been discussed in 
Chapter 1. There is general agreement in many studies involved, that it is the 
electrochemical reduction of oxygen occurring at the polymer-to-metal interface that 
initiates the processes leading to the loss of adhesion between the polymer and the metal 
surface. Electrochemical reduction of oxygen dissolved in aqueous media is central to 
the fields of electrochemistry and corrosion and perhaps the most relevant cathodic 
reaction process [11]. The reaction has two important consequences: (i) the production 
of hydroxyl ions and/or other reactive species (e.g., oxides and H2O2) that can degrade 
the polymer-to-metal interface resulting in loss of adhesion and corrosion and (ii) the 
passivation of the metal and alloy surfaces, e.g., stainless steel, to provide a protective 
oxide layer that prevents corrosion [11]. Depending on how the reaction proceeds, it is 
now well known that in neutral and alkali solutions, electrochemical oxygen reduction 
could yield hydroxyl ions (OH-) through a four-electron pathway (Equation 5.1) or a 
two-electron path way via hydrogen peroxide (H2O2) (Equations 5.2 and 5.3), or 
through the production of H2O2 as the final product (Equation 5.4) [11,12]. Generally, 
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the mechanism and kinetics of oxygen reduction is markedly dependent on material 
type, surface finish, electrolyte composition, pH and other reaction conditions such as 
hydrodynamics, applied potentials and temperature [11]. 
 
O2 + 2H2O + 4e- → 4OH-              E˚ = 0.401 V vs. SHE                   (5.1) 
O2 + H2O + 2e- → HO2– + OH-       E˚ = -0.065 V vs. SHE                   (5.2) 
HO2¯ + H2O + 2e- → 3OH-            E˚ = 0.867 V vs. SHE                       (5.3) 
O2 + 2H2O + 2e- → H2O2 + 2OH-   E˚ = -0.133 V vs. SHE                       (5.4) 
 
In cable connector assemblies, the oxygen reduction reaction occurring at the polymer-
to-metal interface (metal connector back-shells) is generally attributed to the cathodic 
protection of the structures to which these cables are connected [12,13]. Induced 
potentials could also result from the use of dissimilar metals in the couplings and 
inboard mating components, which sets up galvanic couples. If these potentials are 
sufficiently high, electrons are driven from the anodic to the cathodic regions (in this 
case the metal connector back-shells), where they combine with oxygen or other 
electroactive species in the electrolyte [13]. The loss of polymer-to-metal adhesion is 
believed to be due an increase in interfacial pH caused by the OH- ions produced by one 
or more the oxygen reduction reactions, Equations 5.1 – 5.4. The mechanism(s) for 
adhesion loss has been suggested by various investigators to include the reduction of 
surface metal-oxides, alkaline hydrolysis of the polymer, and interfacial failure [14].  
 
Since OH- have been identified (Chapter 1) as the destructive species that cause 
polymer-to-metal bond degradation during cathodic delamination, a logical approach 
toward protection against cathodic delamination is the development of polymer/metal 
systems whose interface region is resistant to high-pH environments. Other approaches 
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discussed in the literature include: (i) excluding water and oxygen from the interface; 
(ii) ensuring that bare metal, or superficially oxidised metal, is not present  at the 
interface; (iii) inducing a high degree of roughening of the metal surface and (iv) 
creating an interface region that is catalytically inactive to oxygen reduction reactions 
[15,16]. The failure mechanism(s) or mode(s) identified or suggested for one particular 
polymer/metal system may not necessarily apply to other systems [14]. Bearing this in 
mind, the development of a failure model in this work will be based on theoretical 
knowledge, as well as laboratory experiments and outdoor exposure testing carried out 
on the selected polymer/metal systems used in the manufacture of cable connector 
assemblies. The specific aims are: (i) to determine the reactive chemical components of 
selected primers (PR24 and PR91) and their effect on the surface topography and/or 
chemistry of stainless steel 316L substrate and (ii) establish the likely mechanism(s) of 
polymer-to-metal bond formation and failure of primers from the metal surface while 
under the influence of applied cathode potentials.    
 
5.2 Experimental 
Based on experiments carried out in previous chapters, an attempt was made to 
determine how the experimental conditions employed caused adhesion loss to occur in 
the selected polymer/metal systems. Although the chemical constituents of the selected 
polymeric materials were not fully known due to commercial confidentiality, efforts 
were made to identify their major constituents. In addition, attempts to establish and 
understand their effect on stainless steel 316L surface and on oxygen reduction reaction 
occurring at different applied potentials were made. 
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5.2.1   Materials   
The metal substrate used for test sample manufacture was stainless steel 316L (Aaron 
Metals and Plastic Suppliers Ltd., Bristol, UK). The metal was coated with primers, 
PR24 (Lords Corporation Ltd., Manchester, UK) and PR91 and castable PU material 
(EMC80A; DOW Hyperlast, Derbyshire, UK). Al2O3 and SiC grits were used for 
surface preparation (Vixen, Stockton on Tees, UK and Guyson International Ltd., North 
Yorkshire, UK, respectively). Full material specification has previously been given in 
Chapter 2.  
 
5.2.1.1 PR24 Primer 
PR24 was identified to be a so-called “wash primer”. These are two parts primers that 
were first developed during the Second World War by adding a dilute alcoholic solution 
of phosphoric acid to an alcoholic dispersion of zinc tetroxychromate 
(ZnCrO4.4Zn(OH)2) in poly(vinylbutyral) (PVB) [17,18]. This product adheres well to a 
variety of metal and polymer surfaces [18]. Wash primers have been found to enhance 
adhesion and corrosion protection of metal surfaces prior to the application of a full 
bodied primer [17,18]. Wash primers have been particularly successful, when used 
onshore on metal surfaces, to enhance adhesion of a subsequent primer or an 
intermediate coating [17,18]. Because of the presence of phosphoric acid, wash primers 
may etch the metal surface in the same way as during phosphate treatment of metal 
surfaces or when phosphate conversion coatings are used on metal surfaces [17,18]. 
Wash primers may also be able to passivate the metal surface due to the presence of Cr-
ions in solution [17,18]. The effectiveness of chromates as passivating agents (present 
in coatings as pigments) for corrosion inhibition is well known and is reported to 
depend on their solubility in water [19,20]. If a passivating agent has high solubility in 
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water, e.g., sodium dichromate (3.3 mol CrO42-/L), it might be leached out, causing 
massive blistering. If, on the other hand, the solubility is too low e.g., lead chromate (5 
x 10-7 mol CrO42-/L), the agent or pigment will have no electrochemical action hence 
may cause corrosion [19]. Zinc chromates in the form of zinc yellow or zinc 
tetroxychromate with solubility’s of 1.1 x 10-2 and 2 x 10-4 mol CrO42-/L, respectively, 
are widely used as passivating pigment [19]. The concentration of phosphoric acid in 
the wash primers is critical as this has varying effects on different metal surfaces, 
producing varying degrees of surface etching. It has also been suggested that the 
phosphoric acid content may increase the Cr ion concentration to a more effective level 
[19]. The chemical composition (w/v %) of PR24, parts A (resin) and parts B (curing 
agent), is specified in the product’s material safety data sheets (MSDS) and are shown 
in Tables 5.1 and 5.2, respectively. The most likely bond forming components of PR24 
primer are PVB, phenol and the phenolic resin. PVB is a polymer resin produced from 
the polymerisation reaction of polyvinyl alcohol (PVA) and butyraldehyde (Equation 
5.5). The resin is a copolymer consisting of the non-polar butyral group and the highly 
polar vinyl alcohol group (Figure 5.1) [21,22]. PVB is used in the manufacture of 
coatings, adhesives, safety glass wind-shields and engineering plastics due to its special 
film-forming characteristics, water solubility and heat resistance [22,23]. The non-polar, 
polar and hydrogen bonding components of PVB are believed to enable the polymer to 
react favourably with macromolecules and surfaces and may be compatible with both 
hydrophilic and hydrophobic polymers [21].   
*
*
OH
n
 
H
O *
*
OH O OO
n
 
O
+
PVAL Butyraldehyde PVB
  
(5.5) 
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Figure 5.1. Chemical structure of poly(vinylbutyral) (PVB).  
 
Table 5.1. Chemical components of PR24 Part A. 
 
Name 
 
CAS number Structure Concentration / 
w/w % 
Ethyl alcohol (ethanol) 64-17-5 
OH
   
15 
Chromic acid (zinc 
chromate) 
13530-65-9 ZnCr2O7
 
10 
Methanol 67-56-1 OH
            
1 
Sec-Butyl alcohol (2-
butanol) 
78-92-2 OH
      
15 
Acetic acid, 2-
methoxy-1-
methylethyl ester, 
(propylene glycol 
methyl ether acetate) 
108-65-6  
O
O
O
 
30 
Dipropylene  glycol 
methyl ether acetate 
88917-22-0  
O
O
O
O
  
5 
Phenol 108-95-2 OH
 
1 
Poly (2-propyl-m-
dioxane-4, 6-diylene), 
(polyvinyl butyral 
resin) 
63148-65-2  
*
*
OH O OO
n
 
O
 
10 
Iron (III) oxide (red 
oxide pigment ) 
1309-37-1 Fe2O3 4 
Phenolic resin  OH
*
*
n
 
 
9 
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Table 5.2. Chemical components of PR24 Part B. 
 
 
Name  
CAS 
number 
 
        Structure  
 
Concentration / 
w/w% 
Methyl alcohol 
(methanol)  
67-56-1 
         
OH
 
< 2 
Sec-Butyl Alcohol (2-
butanol) 
78-92-2 
          
OH
 
37 
Acetic acid, 2-methoxy-
1-methylethyl ester; 
(propylene glycol methyl 
ether acetate)   
108-65-6        
O
O
O
 
< 20 
Dipropylene glycol, 
methyl ether. 
34590-94-8 
 
O
O
OH
 
< 4 
Phosphoric acid 7664-38-2 H3PO4 < 2 
Ethyl alcohol (ethanol) 64-17-5 
OH
 
33 
 
 
Phenolic resins are reaction products of phenols and an aldehyde (Equation 5.6), usually 
formaldehyde (HCHO), in acid solution and are used in coatings to improve moisture 
and heat resistance [23]. Commercially used phenols are bisphenols, phenol, cresols, 
xylenols, p-t-butylphenol, p-phenylphenol and resorcinol [24,25].   
 
The chemical reaction between the constituent of PR24 (parts A and B) is most likely an 
acid-catalysed polymerisation reaction (Equation 5.7).  
 
OH
H
OH
H
n
 
H H
O OH
CH2
OH
n
 
OH2
Phenol  
     Formaldehyde                              Phenolic Resin  
+
+ +
 
(5.6) 
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Figure 5.2. Chemical structure of phenol. 
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5.2.1.2 PR91 Primer 
This primer was identified to be a two-part component PU primer comprising of a 
polyol (part A) and an isocyanate (part B).  A detailed chemical composition of this 
primer was not available due to commercial confidentiality; however, it is well known 
that polyester or polyether polyols are used with suitable isocyanates to produce PU 
used in pipeline coatings and various marine applications [23-25]. When mixed 
together, the polyol, a polyhydroxylated ((OH-)n, n ≥ 2) containing material reacts with 
the isocyanate (-N=C=O) containing material by cross-linking via the isocyanate-
hydroxyl functional groups to form a PU film (section 1.2.1, Equation 1.1). The PU film 
consists of a urethane linkage, active isocyanate groups and multifunctional isocyanate 
monomers [23-26].  
 
(5.7) 
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5.2.2 Equipment 
Surface analysis of coated surfaces to identify the elemental compositions was carried 
out using energy-dispersive x-ray spectroscopy (EDS) integrated into a Jeol digital 
analytical SEM (JSM-6100). Atomic force microscopy (AFM) was carried out using a 
MultiMode/NanoScope IV Scanning Probe Microscope (Veeco, Santa Barbara, CA, 
USA) to examine surfaces and provide quantitative roughness data of metal substrates. 
The structure and functional groups of the primers were investigated using Fourier 
transform infra-red (FT-IR) spectroscopy and Raman spectroscopy. This was carried out 
using the Nicolet 6700 FT-IR spectrometer integrated with NXR FT-Raman module 
(Thermo Scientific UK, Hertfordshire, UK). X-ray diffraction patterns of primers were 
obtained using XRD Philips PW1729 diffractometer X-ray generator (2θ), (Phillips 
Cambridge, UK). 
 
5.2.3 AFM studies 
Stainless steel 316L samples for AFM studies were cut into 20 × 10 mm test pieces. 
Four of these were polished on polishing cloths using slurries of increasingly finer 
grades of Al2O3 powders (diameters: 5, 3, 0.5 and 0.3 µm) in distilled water until a 
mirror surface finish was obtained. The sample was then mounted on a nickel sample 
holder and placed onto the AFM scanner. Contact mode images (10 × 10 µm) were 
obtained using a silicon nitride (S3N4) probe (cantilever with integrated tip). Roughness 
measurements were obtained from digitally-levelled topographic images (n = 5). After 
imaging, samples were cleaned with acetone and coated with primers (PR24 or PR91). 
PR24 was prepared by mixing part A and part B in a weight ratio of 1:1; PR91 was 
prepared using a weight ratio 2:1 polyol : isocyanate. Detailed primer mixing and 
application procedures, including drying times (2.5 and 2 h, respectively) are given in 
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the manufacturer’s instructions. After drying, the primer layer was removed from the 
metal surface by ultrasonication in acetone (20 cm3) for 15 min. To determine the 
baseline for topography and roughness assessment following application and removal of 
primers from the metal surface, the initial roughness of polished test samples were 
recorded prior to the application primers. Roughness measurements were again taken 
following the application and removal of the primer from polished stainless steel 316L 
surfaces.  
               
5.2.4 IR and Raman studies 
IR and Raman studies were carried out with the aim of identifying functional groups or 
bonds, present in the selected primers (PR24 and PR91). One set of samples was 
prepared for each primer. Each set consisted of three test samples, comprising of two 
bottles of liquid samples of individual components (i.e., parts A or B), and a third bottle 
containing a mixture of these components (parts A and B). Mixtures were prepared as 
described in section 5.2.3. Each mixed primer was also applied on  grit-blasted stainless 
steel 316L test pieces (100 × 25 mm), allowed to cure and analysed using the Nicolet 
6700 FT-IR spectrometer integrated with NXR FT-Raman module (Thermo Scientific, 
Hertfordshire, UK). All spectra were acquired as 32 signal-average scans and 
transmission spectra obtained from 4000 to 400 cm-1 at a resolution of 4 cm-1.    
 
5.2.5 X-ray diffraction  
X-ray diffraction studies were carried out to identify elements and/or mineral 
compounds present in the primers. Diffraction patterns from coated microscope glass 
slides and stainless steel 316L test pieces were obtained before and after immersion in 
seawater. Diffraction patterns were acquired using Cu Kα radiation (l = 1.542 A at 40 
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kV and 20 mA) and a continuous scan monochromator (step size 0.02°2q; 1.25 s per 
step, 10 divergence slits and 0.1 receiving slit). 
 
5.2.6 EDS studies 
Elemental analysis of primer-coated metal substrates was carried out using the energy 
dispersive X-ray analysis system (WDS/EDS System). Coated metal samples were 
mounted on sample mounts and subjected to a stream of pressurised dried air to remove 
extraneous materials, as previously described in Chapter 2. Surface analysis and 
identification of elements was carried out at 25 kV using a dead rate of 15 %, both with 
and without the beryllium (Be) window. This helps to reduce the background and filters 
low energy x-rays under vacuum. When in place, the Be window restricts the passage of 
all x-rays below ca. 0.8 keV, and limits the analysis to elements of atomic number > 11. 
Analysis of elements with atomic number < 11 (e.g., O and C) was achieved when the 
Be window was removed. The analyses of uncoated metal surfaces were carried out as a 
control. The primers (PR24 and PR91) were also coated on microscope glass slides and 
analysed before and after immersion in dilute sodium hydroxide solution (0.0001 M) to 
eliminate the possibility of detecting alloying elements of stainless steel 316L in the 
spectra.   
 
5.3 Results and Discussion     
5.3.1 AFM studies 
Representative AFM images (10 × 10 µm) of the polished stainless steel 316L test 
samples before and after treating with PR24 primer are shown in Figure 5.3(a) and 
5.3(b), respectively. The former revealed an even surface characterised by polishing 
marks (average Ra = 2.52 ± 0.3 nm). Following the application and removal of PR24 
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primer from the surface, the AFM image showed a relatively even distribution of 
surface irregularities (Ra = 9.73 ± 0.57 nm; Figure 5.3(b)). The three-fold increase (ca. 
200 % increase) in roughness suggests that PR24 primer attacks the metal surface and 
generates surface irregularities. This observation supports the work of Kruger et al., 
who found that the degree of wash primer attack on an iron surface varied with the 
orientation of the surface exposed [17]. Ra values of stainless steel 316L untreated and 
treated with PR24 primer are given in Table 5.3. The etching effect of PR24 on the 
metal surface could be due to the presence of acids in the chemical constituents of the 
primers, as discussed in Section 5.2.1.1.  
 
          
                                     (a)                                                           (b) 
 
Figure 5.3. AFM topographic images of stainless steel 316L surface (a) untreated (Ra = 
2.52 ± 0.3 nm) and (b) treated with PR24 coating and removed (Ra = 9.73 ± 0.6 nm). 
 
Similarly, the AFM images (10 × 10 µm) of polished stainless steel 316L, before and 
after coating and removal of PR91, are shown in Figure 5.4(a) and 5.4(b), respectively. 
The former had an even surface (Ra = 2.59 ± 0.26 nm), with polishing marks seen as 
scratch marks (Figure 5.4(a)). Following coating and removal of PR91, an adherent thin 
clear film of gelatinous material that had not been removed by ultrasonication, was 
observed on the surface (Ra = 16.67 ± 10.8 nm). The large increase in Ra was primarily 
due to the patchiness of this residual layer (Table 5.3). 
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                                   (a)                                                        (b) 
 
Figure 5.4. AFM topographic images of stainless steel 316L surface (a) untreated 
surface (Ra = 2.59 ± 0.26 nm) and (b) after application and removal of PR91 (Ra = 16.67 
± 10.8 nm). 
 
 
Table 5.3. Roughness effect of PR24 and PR91 primer on stainless steel 316L surface. 
 
Primer / No. Roughness before 
coating Ra / nm 
Roughness after coating 
Ra / nm 
PR24/1 2.18 8.36 
PR24/2 2.55 8.78 
PR24/3 2.98 8.97 
PR24/4 2.32 9.37 
PR24/5 2.64 9.22 
PR24/6 - 7.67 
PR24/7 - 8.75 
Mean 
values 
 
2.53 ± 0.31 nm 
 
9.73 ± 0.57 
   
PR91/1 2.56 9.81 
PR91/2 2.20 8.28 
PR91/3 2.50 3.20 
PR91/4 2.82 16.66 
PR91/5 2.92 - 
PR91/6 2.53 - 
Mean 
values 
 
2.59 ± 0.26 nm 16.67 ± 10.8 nm 
 
 
Chapter 5: Chemical composition and interaction of selected primers with stainless steel 316L  
 
 
225
5.3.2 EDS studies  
To determine the elemental composition of the primers (PR24 and PR91), EDS analysis 
was carried out on grit blasted and coated stainless steel 316L samples. The spectra 
from samples coated with PR24 (Figure 5.5) showed strong Fe and Cr peaks (6.380 and 
5.380 keV, respectively), confirming that the material was rich in these elements. The 
Fe source was attributed either to the Fe content of stainless steel 316L (ca. 60 w/w %), 
and/or the Fe2O3 (red oxide pigment; 4 w/w %) content of the PR24. The Cr content 
was attributed either to the 16 – 18 w/w % Cr alloying content of stainless steel 316L 
and/or the 10 w/w % zinc chromate content of the PR24. Other identified peaks were 
those of P, Zn, K, Na, O, Si, Al and C (Figure 5.5). To distinguish between elements in 
the metal from those in the primer, EDS analysis was carried on a thin film of PR24 
obtained by applying the coating on a microscope glass slide, immersing in sodium 
hydroxide (0.0001 M) and peeling off the primer film for analysis. The spectra showed 
strong Fe, Cr, Zn, P, K, C and O peaks confirming that these elements were indeed 
present in the PR24 primer (Figure 5.6). This suggests that the elemental Fe in the 
spectra is from the 4 w/w % Iron (III) oxide content of the PR24. Likewise, the Zn and 
Cr content are from the 10 w/w % zinc chromate content and P from the 2 w/w % 
phosphoric acid content of the primer (Table 5.1 and 5.2). The C and O were associated 
with the hydrocarbon and oxide constituents, while the Na was thought to be from the 
sodium hydroxide (0.0001 M). The presence of Fe, Cr, Zn, P, C and O was observed to 
be consistent with previous EDS analysis of PR24 coated samples (Section 3.3.4).  
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Figure 5.5. General EDS spectrum PR24 primer coated on grit blasted stainless 316L 
surface showing identified elements and energy levels.    
 
 
 
 
 
 
Figure 5.6. General EDS spectrum of PR24 film coated on glass and peeled off 
following exposure in NaOH (0.0001 M). 
 
 
P, 2.02 keV 
Al, 1.5 keV 
Fe, 6.38 keV 
Cr, 5.38 keV 
Zn, 8.59 keV 
0, 0.5 keV 
Ni, 7.54 keV 
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Similar EDS analysis carried out on surfaces coated with PR91 primer revealed a strong 
Ca peak (Figure 5.7). Other peaks identified in this primer were those of Si, C and O.  
 
 
 
Figure 5.7. General EDX spectrum PR91 primer coated on grit blasted stainless surface 
showing identified elements and energy levels.    
 
5.3.3 XRD studies  
The XRD patterns of PR24 primer were obtained from a cured film of a mixture of parts 
A and B of the primer (Figures 5.8 and 5.9). The patterns obtained contained lines of the 
patterns listed in the Joint Committee on Powder Diffraction Standards (JCPDS) for 
Hematite (JCPDS-13-534), Cronstedtite (JCPDS-17-470) and zinc phosphate vanadate 
[27]. Although zinc phosphate was not directly present in the primer, the chemical 
compound could have been formed as a product of a reaction between zinc chromate 
(10 w/v %) and phosphoric acid (2 w/v %) present in parts A and B of the primer, 
respectively. Similarly, the XRD pattern for PR91 contained mainly lines listed in 
JCPDS, (JCPDS-5-586) for calcite, Figure 5.10 [27].  
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Figure 5.8. XRD pattern of PR24 showing diffraction patterns listed in the JCPDS for 
haematite and cronstedtite [25].  
 
 
 
Figure 5.9. Superimposed XRD pattern of PR24 showing diffraction patterns listed in 
the JCPDS data for haematite, cronstedtite and zinc phosphate vanadate [27]. 
 
These results confirm that the sources of elemental Fe and Si, detected in the EDS 
spectra of PR24, are haematite (Fe2O3) and cronstedtite (a complex Fe-rich silicate 
mineral used in the manufacture of coatings) present in the primer.  Elemental Zn and P 
were present in zinc phosphate, a product of zinc chromate and phosphoric acid. The 
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presence of zinc phosphate tetrahydrate, as well as Cr complexes in wash primers 
(PR24) has previously been demonstrated by Kruger et al., who obtained diffraction 
patterns from wash primers after its mixed components were allowed to stand for 30 
min. The patterns obtained were found to correspond to those contained in the lines of 
patterns listed in the ASTM card file of XRD data, Nos. 2346 and 2373 for zinc 
phosphate tetrahydrate [17].  
 
Based on this result, it can be surmised that the Zn- and P-containing compound thought 
to be associated with delamination failure of PR24-coated samples (Section 3.3.4) is 
zinc phosphate. The subsequent absence of these elements from the EDS analysis of the 
patchy “island” of the primer (PR24) found on failed test samples (Section 3.3.4, Figure 
3.63) could be due to the leaching out of zinc phosphate from the primed metal surface 
into the alkali environments (OH-) created at the interface, as discussed in Section 
5.2.1.1. Although zinc-containing phosphates, e.g., zinc-iron phosphates, zinc-
aluminium phosphates, zinc-molybdenum phosphates and zinc phosphate, generally 
possess good passivation properties, zinc phosphate has been reported to have slightly 
poorer passivation properties [19]. The passivation properties of dual metal phosphate 
paint pigments, are purported to be inferior to zinc chromate under alkali conditions 
[19]; this is also a possibility.  
 
XRD patterns obtained from PR24 and PR91 coated samples immersed in NaCl (3.5 
w/v %) for 5 days showed no difference in the diffraction patterns of the primers before 
and after exposure (Figures 5.11 and 5.12), except for the presence of line patterns 
JCPDS 5-628, listed for standard NaCl thought to be from the solution. A detailed list of 
elements and compounds identified by XRD in the test primers is given in Table 5.4.   
Chapter 5: Chemical composition and interaction of selected primers with stainless steel 316L  
 
 
230
 
 
 
 
Figure 5.10. XRD pattern of PR91 primer showing diffraction pattern listed in the 
JCPDS data for calcite [27]. 
 
 
 
 
Figure 5.11. Superimposed XRD pattern of PR24 primer coated on glass slide showing 
no difference in patterns of the sample when unexposed and exposed in natural seawater 
for 5 days, except for the presence of line patterns JCPDS 5-628, listed for standard 
NaCl [27]. 
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Figure 5.12. Superimposed XRD pattern of PR91 primer coated on a glass slide, 
showing no difference in patterns when unexposed and exposed in natural seawater for 
5 days, except for the presence of line patterns JCPDS 5-628, listed for standard NaCl 
[27].  
 
Table 5.4. Summary of elements and compounds in primers, identified by EDS and 
XRD  
Primer Type EDS identified Elements 
XRD Identified Compounds 
 
PR24 Fe, Cr, P, Zn, K, Na, 
O, Si, C 
Hematite, Cronstedtite, Zinc 
phosphate  
PR91  Ca, Si, C, O Calcite  
 
5.3.4 FTIR studies  
FTIR transmission analysis of individual and mixed components of the two-part test 
primers (PR24 and PR91) were conducted to determine the functional groups present 
and to establish the changes occurring when the individual primer components were 
mixed. FTIR transmission spectra of part A (resin) and part B (curing agent) of PR24 
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(Figure 5.13 and 5.14, respectively) and for a freshly prepared liquid mixture (1:1) of 
both parts (Figure 5.15) are shown below.  An OH stretch at 3050 – 3650 cm-1, with a 
broad peak at 3373 cm-1, was seen for PR24 parts A (Figure 5.13). This peak could be 
due to the formation of hydrogen bonds between the PVB resin and the phenolic resin 
contents of PR24 part A (Table 5.1). CH aliphatic peaks were seen at 2878, 2933, and 
2970 cm-1 (asymmetric and symmetric stretches [26-29]). A C=O stretch was observed 
at 1737 cm-1 [26,29],  likely to be attributed to acetic acid, 2-methoxy-1-methylethyl 
ester.  
 
 
 
 
Figure 5.13. FTIR transmission spectra of PR24 part A. 
 
CH2 bending vibrations were seen at 1453 cm-1 and were thought to be due to the 
influence of Fermi resonance on bond structure [28,29]. In other cases, these bands have 
also been associated to the interaction of CH2 groups with the metal surface depending 
on their proximity to the surface [27]. Other peaks seen in the 500 – 1500 cm-1 region 
could be due to CH and/or OH of functional groups associated with the reaction of 
phenolic resin with PVB. In the former, a characteristic in-plane deformation or CH 
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rocking vibration has been reported as weak to moderate bands in the region 1360 ± 55 
cm-1 and CH/C=O wagging vibration in the larger region of 885 ± 185 cm-1 [31]. OH in-
plane and out-of-plane deformation of primary alcohols are also known to exhibit weak 
to moderate bands in the region 1400  cm-1  and broad diffuse bands at 685 ± 115 cm-1,  
respectively [31]. Peaks in low frequency infrared regions of 500 – 1500 cm-1 could also 
be due to the presence of inorganic compounds, e.g., zinc chromate/phosphates, hematite 
and cronstedtite. FTIR functional groups for PR24 part A is given in Table 5.5. 
 
 
 
 
Figure 5.14. FTIR transmission spectra of PR24 part B. 
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Table 5.5. FTIR identified functional groups in PR24 part A. 
 
Functional groups  Wavenumber Observed / cm-1 
Literature wavenumber / cm-1 
 
-OH str.   3500-3100 medium/small 
C-H str. aromatic  3372 3100-3050 weak 
C-H aliphatic  2970, 2933, 2878 < 2928 medium 
C=O str.  1737 1700 small 
PVB phenolic resin or phenol 
(O-H def., C-O str. 
 1595  
CH   1400 medium/small 
C=C str.   1600,1500 medium 
C-O str.   1200 small 
C-O-C str.   1100 small 
-OH def.   1200 small 
 
The FTIR transmission spectra of PR24 part B shows the appearance of OH bands at 
much reduced intensities (Figure 5.14).  Four CH str. aliphatic stretch peaks were 
observed at 2821, 2881, 2936 and 2983 cm-1. These peaks are attributed to asymmetric 
and/or symmetric stretching vibration of methyl esters or ethers (specifically acetic acid, 
2-methoxy-1-methylethyl ester; propylene glycol methyl ether acetate and dipropylene 
glycol, methyl ether; Table 5.2). The multiple peaks may be due to the difference in 
vibration frequencies caused by the presence and the position of oxygen with respect to 
the CH bonds [31]. The strong C=O stretch peak at 1735 cm-1 is likely to be due to 
formaldehyde content of phenolic resin. Peaks at  1500 – 1250 cm-1 and 1250 – 600 cm-
1
 could due to the P=O and P-O str., respectively, from the phosphoric acid content in 
PR24 part B and/or OH and CH def. vibrations. Some functional groups identified are 
given in Table 5.6.  
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Figure 5.15. FTIR spectra of a mixture of PR24 parts A and B. 
 
Table 5.6. FTIR identified functional groups in PR24 part B.  
 
Name  Wavenumber observed / 
cm-1 
Literature 
wavenumber / cm-1 
 
OH str.   3500-3100 
medium/small 
    
   3100 weak 
CH str. Aliphatic 2983, 2936, 2881, 2821 2900 
   < 2928 medium 
C=O str.  1735 1700 small 
C=O str.   1700 small 
CH def.   1400 medium/small 
C-O str.   1200 small 
C-O-C  str.   1100 small 
 
When the primer was cured (PR24 parts A and B), the FTIR spectrum (Figure 5.15) 
appeared to be similar to that of uncured PR24 part A (Figure 5.13). Upon curing, a 
change in the shape of the broad OH peak was observed (3263 cm-1).  A shift in the 
peak (ca. 109 cm-1) may be attributed to the formation of hydrogen bonds between the 
OH groups of poly(vinyl-butyral) and the phenolic resin [29]. The reduction in the 
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intensity of the C=O str. (1737 cm-1) and a complete disappearance of the strong peak at 
1240 cm-1 were also observed. The latter peak may be due to a combination of C-O 
stretch and OH in-plane def. typical of phenol (1220 cm-1) [29]. A superimposed 
spectrum of PR24 primer and its component parts is shown in Figure 5.16.  
 
 
 
Figure 5.16. Superimposed FTIR transmission spectra of PR24 and component parts (A 
and B). 
   
The FTIR transmission spectra of PR91 part A, (polyol; Figure 5.17), showed the 
presence of free OH groups at the range of 3300 – 3600 cm-1. The OH str. peak at 3426 
cm-1 is typical of a sterically unhindered alcohol (3370 cm-1) [31]. Three CH str. peaks 
were observed at 2964, 2927 and 2856 cm-1. Although these assignments are not fully 
known, similar stretching vibrations having a moderate to strong intensity are attributed 
to the asymmetric and symmetric CH str. vibrations in methyl esters [31]. Also present 
was a C=O peak at 1743 cm-1, typical of that for esters and aldehydes, normally seen at 
1730 ± 40 cm-1,  and 1755 ± 35 cm-1, respectively [31-33]. Similar C=O vibrations seen 
at 1742 and 1750 cm-1 in polyols have been attributed to ester linkages [34-36]. Strong  
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peaks observed at 1413 cm-1 could be due to C-C stretch in C=O-CH3, while the peaks 
at 1096, 872, and 712 cm-1 could be related to vibrational frequencies of calcite and 
related compounds in the crystalline state [36,37]. 
 
 
 
Figure 5.17. FTIR spectra of PR91 part A (polyol).  
 
The FTIR spectra of PR91 part B (Figure 5.18), showed a strong asymmetric peak at 
2240 cm-1 which was attributed to the isocyanate moiety (-N=C=O). This would 
normally be observed at 2270 ± 20 cm-1 [31,35]. Conversely, the symmetric isocyanate 
(-N=C=O) stretch was observed as a weak to moderate intensity peaks (1437 and 1414 
cm-1).  The peak at 1520 cm-1 is speculated to be due to an analogous vibration in the 
phenylene rings of MDI and the intensity of this peak is thought to be directly 
proportional to MDI concentration [38]. Other functional groups were observed in the 
range 500 – 1800 cm-1. The spectra of a mixture of PR91 parts A and B, i.e., polyol and 
isocyanate (Figure 5.19), showed a marked decrease in the intensity of the –N=C=O 
asymmetric and symmetric stretches (2271 and 1409 cm-1, respectively). These 
reductions are likely to be due to the cross linking reaction between the polyol and the 
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isocyanate. This reaction is characterised by the appearance of the urethane linkage 
which comprises the C=O str. observed at 1720 cm-1 [34]. The peaks observed in the 
ranges 1500 – 1700 cm-1 (1596 cm-1) and 1100 – 1350 cm-1 were attributed to a 
combination of N-H bending and C-N str., respectively [35,36]. A shift  (11.09 cm-1) 
and a reduction in the in the intensity of the 1520 cm-1 phenylene ring (1509 cm-1) peak, 
could be due to polymerisation, as suggested by Shane et al. [38]. A reduced intensity 
of the broad O-H str., overlapping with N-H str. was observed at 3500 cm-1 and 3100 
cm-1, while the peak appearing at 1307 cm-1 is likely to be due to an –OCONH 
asymmetric stretching [35]. The superimposed FTIR spectra of PR91 and its individual 
components is shown in Figure 5.20.  
 
 
 
Figure 5.18. FTIR spectra of PR91 parts B (isocyanate).   
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Figure 5.19. FTIR spectra of a mixture of PR91 parts A and B (polyol and isocyanate, 
respectively).  
 
 
Figure 5.20. Superimposed FTIR spectra of PR91 and its individual components.  
 
5.3.5 Raman studies  
Raman spectra acquired from mixtures and individual components of the primers (PR24 
and PR91) were acquired in the range of 7400 – 4000 cm-1 using the InGaAs 2.6 µm 
detector and CaF2 beam splitter. Spectra were also acquired from coated metal surfaces 
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to further understand the molecular structure of the primers and their interaction with 
their immediate chemical environment.  
 
The Raman spectra for PR91 part A (polyol), showed distinct peaks at 2932, 1835, 
1447, 1086, 331, 279, and 184 cm-1 (Figure 5.21). Although Raman bands near 3000 
cm-1 tend to be of reduced intensity, the peak at 2932 cm-1 could be due to C-H 
stretching while peaks at 1835 cm-1 within the broad band between 1600 – 2100 cm-1 
could be attributed to the C=O peak for esters [29]. The peak seen at 1447 is likely to be 
due to C-C stretching in O=C-CH3 while the peak at 1085 cm-1 was assigned to the 
presence calcite (CaCO3) used as inorganic filler in polyurethane coatings [38,39]. 
Characteristic Raman spectra acquire from PR91 parts B (isocyanate) shows bands at 
3064, 2919 and 2846 cm-1 (Figure 5.22). These peaks are assigned to the C-H aliphatic 
str. vibrations. These were not seen in the equivalent FTIR spectrum of the compound, 
probably due to the masking of these signals by the intense asymmetric –N=C=O str. 
(Figure 5.18) in the range 2280 – 2250 cm-1, although at a very low intensity, typical of 
Raman spectra for isocyanates (Figure 5.22 – black arrow) [38]. The symmetric 
isocyanate stretching vibration can however be observed at 1447 cm-1 [36]. The band at 
1529 cm-1 is similar to that found at 1521 cm-1 in the FTIR spectra of isocyanate (Figure 
5.18) and has been associated with para (4,4'-isomer) disubstituted phenylene ring 
vibration in MDI [38]. The metal-ligand low frequency vibration regions (Figure 5.21) 
are characterised by intense peaks at 333, 279 and 184 cm-1. These peaks also appear in 
the Raman spectra of PR91 parts A and B, i.e., the mixture of the polyol and isocyanate 
(Figure 5.23). This suggests that these bands which were present in the polyol were 
unaffected by the curing reaction with the isocyanate. The peak at 1609 cm-1 could be 
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assigned to any benzene derivative used in the production of polyester, PU and alkyd 
binders [37].  
 
 
 
Figure 5.21. Raman spectra of PR91 part A (polyol). 
 
 
 
Figure 5.22. Raman spectra of PR91 part B (isocyanate). 
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Figure 5.23. Raman spectra of a mixture of PR91 parts A and B (polyol and isocyanate, 
respectively). 
 
 
 
 
Figure 5.24. Raman spectra of stainless 316L surface coated with PR91 primer. 
 
 
Raman spectra of the mixture of PR91 parts A and B (polyol and isocyanate) though 
identical in shape to that of part A (polyol; Figure 4.21), showed  characteristic C-H 
scattering intensities at 3059 and 2932 cm-1; the characteristic asymmetric –N=C=O 
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stretches in the range 2280 – 2250 cm-1 were not discernable (Figure 5.23 black arrow). 
The symmetric isocyanate stretching vibration was however obvious (medium band at 
1440 cm-1) and the band, which is associated with para-(4,4'-isomer) disubstituted 
phenylene ring vibration in MDI was observed at 1529 cm-1. This peak, clearly present 
in the isocyanate tended to reduce slightly in intensity when the isocyanate was mixed 
with polyol (Figure 5.23) and when the mixture was coated on stainless steel 316L 
surface (1523 cm-1; Figure 5.24). Studies have suggested that the 1530 cm-1 band is the 
MDI marker band whose intensity is assumed to be directly proportional to the 
concentration of MDI, and thus the isocyanate group [38].     
 
 To further understand the mode of interaction between the primers (PR24 and PR91) 
and the metal surface, thin layers of the primers were applied on metal surfaces and 
Raman spectra acquired.  When a thin layer of the mixture (PR91 parts A and B) was 
applied on stainless steel 316L, the Raman spectra (Figure 5.24) showed a marked 
difference in the peaks observed in the low frequency regions (below 600 cm-1) where 
the metal-ligand vibrations would normally appear. While the intensity of the peak 
observed at 279 cm-1 was reduced markedly, the peak observed at 333 cm-1 completely 
disappeared (Figure 5.24). In the high frequency region (4000 – 600 cm-1), the broad 
C=O peak observed at 1823 cm-1 (Figure 5.23), completely disappeared (Figure 2.24). 
Metal-ligands would normally appear in low frequency regions and provide information 
about the nature of the metal-ligand bond and structure of the coordinating spheres. 
Ligands in the high frequency region give information about the effect of the 
coordination on electronic structure of the ligand [39].  
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To reduce the complications involved in assigning metal-ligand vibrations, the Raman 
spectra of the uncoated surface of stainless steel 316L was acquired (Figure 5.25). This 
served as a baseline for metal-ligand analysis. The spectra showed ligand and metal-
ligand regions with no peaks except for the peak observed in the metal-ligand region at 
182 cm-1 (Figure 5.25). It could not be fully established if the aforementioned peaks 
were directly connected to the formation of polymer-to-metal bonds at the interface. It is 
however fair to surmise that the metal-ligand vibration would be absent from the free 
ligand spectra (Figure 5.23) and the metal complex (Figure 5.25). Isotopic shifts caused 
by metal-ligand vibration resulting from the introduction of hydrogen atoms 
(deuteration), change in oxidation state or bond cleavage could also be used to assign 
metal-ligand vibration [39].  
 
 
 
Figure 5.25. Raman spectra of uncoated surface of stainless steel 316L.  
 
The spectra of as-received stainless steel 316L (Figure 5.25), is characterised by a sharp 
peak at 183 cm-1 which could be due to the vibration stretching frequency resulting 
from the a change in the oxidation state of Fe or Cr content of stainless steel 316L.  The 
182.52 
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change in frequency due to an increase in the oxidation state of chromium (Cr3+) and 
iron (Fe2+) have been reported as 200 cm-1 and 100 cm-1 from 315 cm-1 and 248 cm-1, 
respectively [39]. 
 
 In Figure 5.24, the metal-ligand region is characterised by a lower intensity sharp peak 
at 183cm-1 which differs from the peak present in the polyol by a shift of ca. 3.0 cm-1. 
There was no significant shift in the peak at 279 cm-1 (0.15 cm-1), and the Raman peak 
at 333 cm-1 completely disappeared when the primer was applied on a metal surface 
(Figure 5.24). A superimposed raman spectra the constituent parts PR91 is shown in 
Figure 5.26. 
  
 
 
Figure 5.26. Superimposed Raman spectra of constituent parts of PR 91. 
 
The Raman spectra of PR24 part A, Figure 5.27, did not show a peak in the high 
frequency regions (< 3000 cm-1). The CH region comprised of asymmetric and/or 
symmetric peaks at 2936, 2874 and 2832 cm-1. These peaks in the CH stretching regions 
were again found with characteristic CH2 bending vibration bands (1453 cm-1) and were 
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thought to be due to the influence of Fermi resonance on bond structure [28,29]. The 
characteristic strong C=O str. IR vibration band (1737 ± 5 cm-1) was however 
completely absent in the Raman spectra (Figure 5.27). The low frequency region (200 – 
1000 cm-1) was characterised by a strong peak at 183 cm-1 which was thought to be due 
to the vibration stretching frequency resulting from the a change in the oxidation state 
of Fe or Cr content of PR24 part A. Other peaks in this region could be associated with 
other metal-ligands present, but were not identified.  
 
 
 
Figure 5.27. Raman spectra of PR 24 part A. 
 
The Raman spectra of PR24 part B, Figure 5.28, shows a CH region characterised by a 
strong peak at 2938 cm-1 with shoulder peaks at 2883 and 2837 cm-1. Peaks 
corresponding to C=O stretching and CH bending vibration were observed at 1736 and 
1454 cm-1, respectively.  
 
The shape of the spectra of the mixture PR24 parts A and B coated on stainless steel 
surface (Figure 5.29), was observed to be similar to the uncured parts A of the primer. A 
marked reduction in the peak intensity at 2933 ± 5 (CH region) and 1435 cm-1 (CH 
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bending vibration) was also observed. The former was attributed to CH aliphatic str. 
peaks due to asymmetric and/or symmetric stretching vibration of methyl esters or 
ethers (specifically, acetic acid, 2-methoxy-1-methylethyl ester; propylene glycol 
methyl ether acetate and dipropylene glycol, methyl ether; Table 5.2). 
 
 
 
Figure 5.28. Raman spectra of PR24 part B. 
 
 
 
Figure 5.29. Raman spectra of PR 24 parts A and B coated on stainless steel surface.  
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5.4 Conclusions 
Chemical analysis of PR24 primer using EDS and XRD revealed that the primer 
contained haematite (Fe2O3), cronstedtite (a complex iron-rich silicate mineral used in 
the manufacture of coatings) and zinc phosphate. The latter compound is a reaction 
product of zinc chromate and phosphoric acid present in the individual primer 
constituents (parts A and B, respectively).  Similarly, the PR91 primer was found to 
contain calcite (CaCO3), an inorganic filler or extender pigment used in the production 
of PU coatings.   
 
The presence of phosphoric acid in PR24, prompted AFM studies to evaluate the effect 
of the primers on the metal surface. It was revealed that the PR24 primer has an etching 
effect on the surface of the stainless steel 316L as shown by the increase in surface 
roughness from 2.52 ± 0.31 nm, prior to primer application, to 9.73 ± 0.57 nm, as after 
application. Whilst the PR91 primer did not etch the surface of stainless steel 316L, this 
primer was found to leave an adherent thin, clear film of a gelatinous material on the 
surface of the polished stainless steel 316L. This clear film could not be removed by 
ultrasonication in acetone. Although the roughness value of the surface increased, this 
was due to the patchiness of the adherent film and not to an etching effect of the primer.   
 
Infrared analysis of PR24 primer revealed a change in shape of the spectra upon curing 
from uncured Part A to fully cured primer (Parts A and B). A broad OH peak (3263 
cm-1) was observed in the range of 3050 – 3650 cm-1. A shift in this peak (109 cm-1) 
was due to hydroxyl group stretching caused by the formation of hydrogen bonds 
between the OH groups of PVB and the phenolic resin. Also, the CH aliphatic and/or 
aromatic bands at the range of 2700 – 3100 cm-1 were characterised by two components 
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with peaks at 2871 and 2956 cm-1 at reduced intensities. The third peak (2933 cm-1) 
observed in the spectra for uncured PR24 (part A), had fully disappeared most likely 
due to the curing reaction. The reduction in the intensity of the absorption 
characteristics of C=O groups at 1737 cm-1 and a complete disappearance of the strong 
peak at 1240 ± 2 cm-1 were also observed and believed to be related to C-O vibration 
with a combination of OH in-plane deformation.   
 
FTIR analysis of cured PR91 primer (polyol and isocyanate) revealed a marked 
decrease in the intensity of –N=C=O str. vibration of the isocyanate moiety at 2271 and 
1409 cm-1, respectively. The cross linking reaction was characterised by the appearance 
of the urethane linkage which comprises the carbonyl (C=O) str. vibration at 1720 cm-1. 
The peaks seen in the range 1500 – 1700 cm-1, and 1100 – 1350 cm-1 were attributed to 
a combination of N-H def. and C-N str. vibrations, respectively and the observed 
reduction in the intensities of the –N=C=O peak was likely due to the cross linking 
reaction between the polyol and the isocyanate. A shift of 11 cm-1 and a reduction in the 
intensity of the phenylene ring peak at 1509 cm-1 were attributed to the polymerisation 
reaction. A reduction in the intensity of the broad OH stretching peaks, overlapping 
with N-H stretching is at 3500 and 3100 cm-1 and the peak at 1307 cm-1 is likely to be 
due to –OCONH asymmetric str. vibration.  
 
Prompted by the presence of weak infrared absorbers such as inorganic compounds and 
pigments in the primers, Raman spectroscopic analysis, a technique which is 
complementary to IR spectroscopy was also carried out on the selected primers. The 
Raman spectra of the of cured PR91 parts A and B (polyol and isocyanate) showed 
Raman characteristic C-H scattering intensities at 3059 and 2932 cm-1, while the 
characteristic asymmetric –N=C=O stretching in the range 2280 – 2250 cm-1 was not 
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discernable. The symmetric isocyanate stretching vibration was however obvious as a 
medium band at 1440 cm-1. This band was thought to be associated with para (4,4'-
isomer) disubstituted phenylene ring vibration in MDI. The peak at 1528 cm-1, which 
was clearly present at slightly reduced intensity in the isocyanate spectra, was observed 
to have reduced significantly in intensity when the isocyanate was mixed with polyol 
and coated on stainless steel surface. It is suggested that the 1530 cm-1 band is the MDI 
marker band whose intensity is assumed to be directly proportional to the concentration 
of MDI, and thus the isocyanate group. The metal-ligand low frequency Raman 
vibration region was characterised by a lower intensity sharp peak at 182 cm-1 which 
differed from the peak present in the polyol by a shift of ca. 3.0 cm-1, while there was 
no significant shift in the peak at 279 cm-1 (0.15 cm-1). The Raman peak at 333 cm-1 
completely disappeared when the primer was applied on a metal surface.  
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CHAPTER 6 
Conclusions 
 
6.1 Conclusions 
The work presented in this thesis relates to improved metal surface treatment, material 
selection and testing, primarily to enhance polymer-to-metal resistance to cathodic 
delamination failures in under water cable connector assemblies. 
 
6.1.1 Use of silicon carbide and aluminium oxide in the surface pre-treatment of 
metals 
The work has identified the different roughness values and numbers or grades generated 
when different grit materials (Al2O3 and SiC grits) are used for surface preparation. 
Grade 30/40 brown angular Al2O3 grit was found to produce Ra values of 3.0 – 4.0 µm 
and a roughness number of N8, grade 36 SiC and Al2O3 grits also generated an Ra of  
3.0 – 4.0 µm and a roughness number of N8. Grade 46 angular SiC grit produced an Ra 
of 2.0 – 2.5 µm and a roughness number of N7 (Figure 2.4). 
  
Roughness measurements confirmed that large abrasive particle sizes produce rougher 
surfaces than small abrasive particle sizes. Al2O3 grit  (ca. 624 and 438 µm) generated 
Ra values of 3.0 – 4.0 µm while SiC grit (ca. 370 µm) generated Ra values of 2.0 – 2.5 
µm. Al2O3 and SiC grits of same sizes (525 µm) were found to generate Ra values of 4.0 
µm irrespective of grit material type. The effect of a change in grit size (ca. 20 %) was 
found to cause a change of ca. 35 – 40 % in Ra values. This marked increase was 
thought to be due to larger sized grit particles and mass being able to create greater 
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kinetic energy for impact with the surface than grit particles with smaller size and mass. 
These results further emphasised the dominant effect of abrasive particle size in 
determining the surface profile of grit blasted metal substrates as shown by the 
significant change in Ra values recorded when the abrasive media size was reduced.  
 
The relative cleanliness of surfaces generated by using these grit materials for surface 
preparation was also elucidated. Abrasive blast cleaning using Al2O3 or SiC grit was 
found to be characterised by grit particle embedment and/or contamination of the 
surface, as confirmed by SEM and EDS analysis. However, SiC grit was found to 
produce relatively ‘cleaner’ surfaces than those treated with Al2O3 grit. The former had 
lesser amounts of surface contaminants and grit embedment compared to the latter. A 
possible explanation to this was that SiC grit, being slightly harder (mohr 10) than the 
Al2O3 grit (mohr 9), had a lower grit media friability or breakdown rate than the latter, 
hence was not easily broken and embedded into the surface on impact. The angular 
shaped nature of the brown Al2O3 grit particles could also have enhanced grit 
embedment. Decreasing the abrasive particle size resulted in a dramatic increase in the 
surface cleanliness rate due to an increase in the number of particle impacts per unit 
area. 
 
Grit blasting at different pressures, subjecting the grit blasted surface to a stream of 
compressed air or washing the grit blasted surface in acetone were found to have 
minimal effects on the amount of grit embedment and/or contaminants found on the 
surface. 
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The relative amount of grit particle embedment found on the surface was also observed 
to vary with different metal substrates, with stainless 316L steel having a greater 
amount of surface embedment and titanium Ti6Al4V alloy having the least. This was 
attributed to varying substrate material properties, e.g., hardness.   
 
Comparative bond strength tests were carried out between as-received, machined finish 
surfaces and surfaces that had been grit blasted using Al2O3 and SiC. Results showed 
clearly that grit blasting enhances the adhesive bond strength of polymer-to-metal 
interfaces. SiC grit of 46 mesh size provided a better combination of surface cleanliness 
and roughness and produced stronger adhesive bonds. The increased adhesive bond 
strength in grit blasted samples is believed to be due to mechanical interlocking of the 
polymer into the surface irregularities of the metal and/or due to an increased interfacial 
area available for chemical bonding. In SiC pre-treated test samples, the enhanced 
adhesion was attributed to the lesser amount of surface contaminants and grit 
embedment present on the surface compared to Al2O3 treated samples.  
  
6.1.2 Cathodic delamination tests of polymer-to-metal composites 
The most effective way to determine the lifetime performance of any engineering 
material is to expose the material to the actual service environment for which it was 
designed and reassess the material after its lifetime has elapsed. Reliable empirical data 
of this type is hard to obtain as end users or customers are unwilling to wait long 
periods of times associated with these types of tests. Although few discrepancies were 
observed in the time-to-failure of nominally identical test samples/frames that were 
exposed in the same test regimes, nevertheless, tests carried out in the flowing seawater 
tank, sea raft and salt spray exposure tests were found to show comparable results in 
terms of primer resistance and failure mechanism(s) and patterns. These exposure tests 
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clearly showed that PR91 primer, when properly applied to metal surfaces and moulded 
with cast PU plastic, has a better resistance to failure by cathodic delamination than 
PR24 primer. Thus, PR91 increases the relative service life of test samples, devices 
and/or cable connector assemblies. Data obtained indicated that the polymer-to-metal 
bond life-time expectancy of PR91 is twice that of PR24, i.e., 6 months against 3 
months for samples exposed under the influence of a galvanic potential -860 mV vs. 
Ag/AgCl (connected configuration). The life-time expectancy was > 12 months against 
6 months for all samples exposed under an open circuit potential -230 to -163 mV vs. 
Ag/AgCl (isolated configuration) in flowing seawater.  
 
There is also reliable evidence to support the premise that if cable connector assemblies 
are electrically isolated from the metal structure and/or appurtenances, their useful 
service life could be increase by > 100 %. This could be achieved by the use of suitable 
non-conducting isolation sleeves or seal gaskets between the cable connector female 
and the structure to which it is attached. This is believed to electrically isolate the cable 
connector assembly from the metal structure whilst being still connected to its female 
counterpart, hence cutting off the supply of electrons necessary for the oxygen reduction 
reaction thought to be responsible for cathodic delamination.  
 
Isolated test samples (PR91) whose polymer-to-metal bondlines were not revealed (by 
grinding the edges) prior to exposure, were observed to possess the longest resistance  
(> 2 years) against cathodic delamination in seawater immersion trials. This suggests 
that the absence of a defect (exposed metal at the sample edges) via which water and/or 
ions can diffuse to the metal/polymer interface could further enhance bond resistance 
and life expectancy.  
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In “connected” test configuration, an applied potential -860 mV vs. Ag/AgCl was 
observed to increase the rate of failure by > 50 % compared to the “isolated” test 
configuration. Although failure rates were increased (ca. 200 %), test configuration 
(connected or isolated) did not have a marked effect on tests carried out using the salt 
spray test. This was believed to be due to the nature of the electrolyte (fog mist) in the 
salt spray test.     
 
The accumulation of corrosion products between the carbon steel beam and the 
underside of “isolated” test samples was observed (using an electrical continuity tester) 
to have caused electrical shorting between the samples and the carbon steel beam. This 
it is believed caused a shift in the open circuit potential of the samples towards the 
negative direction, thus enhancing the rate of failures. Although different primers, metal 
substrates and test methods/configurations were used, the results obtained strongly 
suggest that the applied potential introduced in the form of galvanic coupling of 
dissimilar metals, had the most dominant effect on the rate failures. Primer and metal 
substrate types are other variables that were observed to have contributed significantly 
to the rates failure.    
 
Consistent patterns of failure were observed in failed sample interfaces, consisting of 
characteristic rectangularly shaped islands of primer surrounded by clean metal regions 
(connected test sample configuration). A thin primer layer was observed on both metal 
and PU failure interfaces for samples tested using “isolated” test sample configurations.   
 
Test frames/samples exposed in flowing seawater tank and on the sea raft were found to 
be covered with marine growth and fouling. This is one of the environmental conditions 
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experienced in actual service application where cable connector assemblies are laid on 
the seabed for long periods of time. Although test samples attached to the lower end of 
the test frames became covered with mud and had a slower rate of delamination than 
those in free-flowing seawater (upper end of the test frame), whether or not these test 
samples were affected by microbiologically influenced corrosion (MIC), was not 
established. Reduced delamination rates could have been due to the reduced oxygen 
levels in this region (mud). Further work is required in this area.  
 
In addition, all connected test samples were observed to have deposits of grey 
encrustment on the underside of the metal test samples, which was confirmed by XRD 
to be CaCO3. This is typical of cathodically polarised surfaces and was purported to be 
precipitated from sea water due to high local pH at the metal surface. 
 
The surface of the carbon steel beam to which the test samples were attached was 
covered with a layer of a brown deposit which was identified by XRD to be goethite (α 
FeO(OH)) and lepidocrocite (γ FeO(OH)), both being corrosion products of iron.  
 
The general failure patterns of all test samples were identical in all test regimes and no 
grey encrustment (CaCO3) or precipitate was found on the underside of all isolated test 
samples and all samples tested in the salt spray test (connected and isolated). This was 
believed to be due to the potentials not being negative enough to cause the production of 
OH- at the interface and hence the precipitation of CaCO3 and the absence of bulk 
electrolyte in the salt spray test.  
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The failure modes observed in test samples tested using ‘‘connected’’ and ‘‘isolated’’ 
test configurations were characteristic of adhesive and cohesive failures, respectively.  
While the locus of failure in the former occurred at the metal/primer and primer/PU 
interfaces, in the latter, failure occurred within the bulk of the primer. In addition to 
electrochemical activities occurring at the samples interface, both types of failures were 
observed to have been markedly enhanced by applied potentials and the lateral diffusion 
of species through the edges of the test samples to the polymer-to-metal interface.  
 
SEM and EDS analysis of the failed metal interface of PR24 coated samples revealed 
the presence Al rich and C and O rich deposits on the surfaces. A comparison of the 
EDS spectra of an unexposed grit blasted (Al2O3) and coated (PR24) stainless steel 
316L with that of an exposed (seawater) failed sample interface showed a marked 
difference in the elements identified. While the former contained Zn and P, these 
elements were completely absent in the later and were thought to be related to 
compounds present in the primer (PR24) which could be implicated in the failure 
mechanism(s) of the test samples.     
 
6.1.3 Accelerated cathodic delamination testing 
Potentiostatic measurements were carried out using the Autolab Potentiostat PGSAT20 
to determine the effect of applied potentials on the cathodic delamination of stainless 
steel 316L/primer/PU systems in  NaCl (3.5 w/v %). Applied potentials were found to 
have a marked effect on the cathodic delamination rate and mechanism(s). For cathodic 
potentials, delaminated areas were observed to increase as the potentials were increased 
in the negative direction of the equilibrium potential of the test sample. At applied 
potentials of -300 mV and -350 mV vs. Ag/AgCl, no measurable delamination was 
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observed. The minimal, or absence of, delaminated area observed at these potentials 
was thought to be due to the corresponding current densities not being sufficient in 
magnitude to cause the reduction and/or oxidation of the electro-active species at the 
WE interface. The onset of measurable delamination was observed at -400 mV vs. 
Ag/AgCl while varying degrees of delaminated area were recorded for nominally 
identical test samples exposed at applied potentials from -400 mV to -1000 mV vs. 
Ag/AgCl.   
 
Polarising the test sample using applied potentials that were slightly more positive (-300 
mV and -350 mV vs. Ag/AgCl) to its equilibrium or open circuit potential (-400 ± 50 
mV vs. Ag/AgCl), caused the oxidation of species at the interface, with minimal current 
density and hence minimal delamination. These results were identical to those obtained 
for samples tested using “isolated” (-230 to -163 mV vs. Ag/AgCl) test samples 
configurations which recorded reduced delamination rates in seawater exposures 
(Chapter 3).  
 
At more positive potentials (+700 and +1000 mV vs. Ag/AgCl), the oxidative 
dissolution of Cr3+ to Cr6+ at potentials below oxygen evolution and the simultaneous 
loss of Fe from the surface was thought to be the cause of delamination. The oxidative 
dissolution of Cr2O3 and Fe2O3 oxide from the interface is believed to have lead to 
marked metal loss at the metal/polymer interface.  
 
Polarising the test samples using applied potentials that were negative (< - 450 mV vs. 
Ag/AgCl) to the equilibrium or open circuit potential (-400 ± 50 mV vs. Ag/AgCl), 
resulted in the reduction of the active species present at the interface and the production 
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of current densities large enough to initiate and propagate cathodic delamination 
failures. Higher rates of failure at similar potentials (-860 mV vs. Ag/AgCl) were 
recorded in samples tested using “connected” test sample configuration (Chapter 3).  
 
Cathodic potentials caused delamination failures with no observable metal dissolution 
while marked pitting and metal loss was observed for selected anodic potentials (+700 
and +1000 mV vs. Ag/AgCl). Failure was observed to be largely due to lateral diffusion 
of ions starting from the exposed edges of test samples via the polymer/metal interface. 
Downward diffusion of ions through the PU/primer surface was highly unlikely in these 
systems due to the  low water absorption (2.1 %; 1000 h at NTP) characteristic of the 
PU (EMC 80A). Although the current densities were observed to generally increase 
with applied potential, there was no correlation between the current densities and 
delaminated areas. 
 
The I-t transient curves were characterised by large initial current densities and a 
subsequent decay towards zero µA mm-2 with time. The former was due to the charging 
of the EDL close to the interface and/or the electrochemical reduction/oxidation of 
species at the metal/polymer interface while the latter was attributed to the depletion of 
active species from the interface and the onset of ion diffusion to the metal/polymer 
interface. It was concluded that applied potential markedly influenced cathodic 
delamination failures by initiating electrochemical processes and/or reactions that lead 
to polymer-to-metal adhesion loss.  
 
The results suggested that the instability of the oxide layer and metal loss from the 
stainless steel 316L surface, caused by the reduction of Fe3+ to Fe2+ and/or the oxidation 
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of CrO42- to Cr2O72-, respectively, at the interface, were the most favourable failure 
pathways at potentials positive to the equilibrium potential of the test sample. At 
potentials more negative to the equilibrium potential of the test samples, no obvious 
metal loss was observed. The cathodic reduction of Cr2O3 at the metal interface was 
also highly unlikely since no obvious metal/metal-oxide dissolution was observed at the 
interface. It was concluded that at cathodic reduction potentials -300 to -1000 mV vs. 
Ag/AgCl, no reductive dissolution of the dominant Cr2O3 oxide layer of stainless steel 
occurred. Delamination was due to Fe2O3 dissolution from the Cr2O3 rich surface oxide 
film on stainless steel 316L. Though a minor component of the oxide film, the reduction 
of Fe3+ to Fe2+, could undermine the structure and stability of the oxide film and lead to 
polymer-to-metal adhesion failures or delamination. 
 
The precipitation of CaCO3 from the electrolyte at negative potentials or from the 
CaCO3 content of primer (PR91) may also occur at the interface. The CaCO3 content of 
primer (PR91) may go into solution and combine with Na+ and Cl- ions in electrolyte to 
form CaCl2 and Na2CO3 which can recombine to form CaCO3 precipitate at the interface 
(Equation 4.4). The presence of different salts at the interface could unfavourably alter 
the pH at the interface and cause the hydrolysis of the polymer and/or metal oxide layer 
dissolution leading to adhesion loss. Interfacial pH could also be increased by the 
production of OH- via the oxygen reduction reactions  
 
The introduction if a macro surface topographic feature (V groves) to complement 
micro surface irregularities created by grit blasting (Chapter 2) was observed to reduce 
the rate of delamination. Delaminated area was reduced by ca. 22 % in samples treated 
at -650 mV vs. Ag/AgCl. This reduction was thought to be due the introduction of 
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macro and micro tortuous paths for the diffusion of cations to the OH generation sites. 
Macro mechanical interlocking could also be a contributory factor. Further work needs 
to be carried out fully explore this area.  
 
6.1.4 Chemical composition and interaction of selected primers with stainless steel 
316L 
Chemical analysis of PR24 primer using EDS and XRD revealed that the primer 
contained haematite (Fe2O3), cronstedtite (a complex iron rich silicate mineral used in 
the manufacture of coatings) and zinc phosphate. The latter product being a reaction 
product of zinc chromate and phosphoric acid contents of the individual primer 
constituents (parts A and B, respectively).  Similarly, PR91 primer was found to contain 
calcite (CaCO3), an inorganic filler or extender pigment used in the production of PU 
coatings.   
 
The presence of phosphoric acid in PR24, prompted AFM studies to evaluate the effect 
of the primers on the metal surface. It was revealed that PR24 primer has an etching 
effect on the surface of stainless steel 316L and increases the surface roughness of 
polished stainless from 2.52 ± 0.31 nm to 9.73 ± 0.57 nm. Whilst PR91 primer did not 
etch the surface of stainless steel 316L in a similar way as PR24, the primer was found 
to leave an adherent thin clear film of gelatinous material on the surface of polished 
stainless steel. This clear film could not be removed by an ultrasonication in acetone. 
Although the roughness value of the surface increased, this was due to the adherent 
clear film and not due to an etching effect of the primer.   
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Upon curing, infrared analysis of PR24 primer revealed a change in shape of the spectra 
as compared to the uncured parts. A broad OH peak (3263 cm-1) was observed in the 
range of 3050 – 3650 cm-1.  A shift in this peak (109 cm-1) was due to hydroxyl group 
stretching caused by the formation of hydrogen bonds between the OH groups of PVB 
and the phenolic resin.  
 
Also, the reduction in the intensity of the absorption characteristics of C=O groups at 
1737 cm-1 and a complete disappearance of the strong peak at 1240 ± 2 cm-1 were 
observed and believed to be related to C-O vibration with a combination of OH in-plane 
deformation observed in phenol spectra in the region 1220 ± 40 cm-1.  
 
FTIR analysis of cured PR91 primer (polyol and isocyanate) revealed a marked 
decrease in the intensity of –N=C=O stretching vibration of the isocyanate moiety at 
2271 and 1409 cm-1, respectively. This cross linking reaction was characterised by the 
appearance of the urethane linkage which comprises the carbonyl (C=O) stretching 
vibration at 1720 cm-1.  
 
The peaks seen in the range 1500 – 1700 cm-1, and 1100 – 1350 cm-1 were attributed to 
a combination of N-H bending and C-N stretching vibrations, respectively and the 
observed reduction in the intensities of the –N=C=O peak was likely to be due to the 
cross linking reaction between the polyol and the isocyanate.  
 
Prompted by the presence of weak infrared absorbers such as inorganic compounds and 
pigments in the primers, Raman spectroscopic analysis, a technique which is 
complementary to IR spectroscopy was also carried out on the selected primers. The 
Raman spectra of the of cured PR91 parts A and B (polyol and isocyanate) showed 
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Raman characteristic C-H scattering intensities at 3059 and 2932 cm-1, while the 
characteristic asymmetric –N=C=O stretching in the range 2280 – 2250 cm-1 was not 
discernable. The symmetric isocyanate stretching vibration was however obvious as a 
medium band at 1440 cm-1. This band was thought to be associated with para (4,4'-
isomer) disubstituted phenylene ring vibration in MDI. The peak at 1528 cm-1, which 
was clearly present at slightly reduced intensity in the isocyanate spectra, was observed 
to have reduced significantly in intensity when the isocyanate was mixed with polyol 
and coated on stainless steel surface. It is suggested that the 1530 cm-1 band is the MDI 
marker band whose intensity is assumed to be directly proportional to the concentration 
of MDI, and thus the isocyanate group. The metal-ligand low frequency Raman 
vibration region was characterised by a lower intensity sharp peak at 182 cm-1 which 
differed from the peak present in the polyol by a shift of ca. 3.0 cm-1, while there was 
no significant shift in the peak at 279 cm-1 (0.15 cm-1), the Raman peak at 333 cm-1 
completely disappeared when the primer was applied on a metal surface.  
 
6.2 Recommendations and further work  
The mechanism(s) of cathodic delamination failure is influenced by multiple 
interrelated physiochemical variables, requiring a holistic approach to remedy. There 
seem to be no singular or universal method that can in isolation prevent cathodic 
delamination failures. Interdependent approaches are available which, when properly 
applied, can minimise cathodic delamination failures in cables connector assemblies. 
Additional work needs to be carried out in exploring other affordable surface pre-
treatment methods, and in designs capable of mitigating and/or eliminating cathodic 
delamination failures in cable connector assemblies. Of particular interest is the effect 
the surface tortuosity factor on the migration of ions/species to the polymer-to-metal 
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interface. The introduction of macro v-shaped grooves into the surface of the metal 
connector back-shells prior to grit blasting, priming and moulding should be further 
explored. The design and use of appropriate isolation sleeves or non-conducting gasket 
seals together with high delamination resistance primers and/or adhesion promoters 
should also be explored. 
 
The appropriate exploitation of the manufactured cathodic delamination test cell to 
produce quantitative and comparable data to field exposure trials is recommended. This 
could be achieved by using representative environments and stressing factors. 
Additional work is required to establish links between field exposure tests and tests 
carried out in the cathodic delamination test cell. This should be based on the Arrhenius 
equation which will require an activation energy value being assigned to the system 
being tested. It is also recommended that the failure mode/mechanism(s) and the 
primary degradation factor(s) identified in this work be utilised in determining the 
optimum stress magnitudes required to accurately simulate the end-use environment for 
accelerated life time predictions.  
